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Executive Summary

Part of the mission of the Minerals Management Service (MMYS) of the US Department of the Interior
(DOI) is to "manage the mineral resources of the Outer Continental Shelf in an environmentally sound
and safe manner”. This includes the oil platform decommissioning practices in the Gulf of Mexico.
While different methods can be used for this task, Explosve Removal of Offshore Structures (EROS)
present some cost advantages on shallow water removals. However, a number of alternative removal
technologies exist and are used regularly. EROS is aso frequently used in deep water where there are
significant risks to divers while inspecting the results of remova operations. The current maximum
explosive weight authorized by MMS for explosive structure removal is 50 pounds, which is dso the
upper limit of charge covered by a generic Endangered Species Act (ESA) consultation. A limit vaue of
5 pounds was determined to be a a "de minimus' level set by another ESA consultation. The blast
characterigtics of explosive charges and their impact on wildlife have not been completely assessed. Data
on current weight limits have been obtained through modeling and extrapolation, hence the MMS
expressed a need to obtain data from actua tests, which could later be used to confirm and vaidate the
weight characteristics.

SNC TEC Corporation team was awarded a contract in the fall of 2001 to develop an explosive
charge system that would require less explosive to sever offshore structures through the use of an
engineered charge and to obtain data to evauate its impact on marine life. The aim for the engineered
explosive charge total systemweight was to be below 10 pounds and, if possible, below 5 pounds. The
project team was led by SNC TEC. The team was comprised of Explosive Service International (ESI),
Defence Research and Development Canada Suffield (DRDC Suffield) and Sondysts. The team
members were involved in different tasks related to charge development and its set-up on the ES|
developed ScorpionO delivery system as well as the different aspects of testing, including blast
measurements during final testsin the Gulf of Mexico.

Following simulation studies, a charge system based on linear-shaped charges was developed to
severe oil plaform piles of 30" and 48" diameters with wall thickness less than 1.5 inches. The
ScorpionO  system was used to hold the charges and position them in the piles. Total explosive charge
weights of 4.05 and 6.58 pounds were obtained for the 30" and 48" diameter pipes respectively. In the
preliminary tests conducted on submerged pipes in a quarry lake, the ScorpionO system worked well and
the charges successfully severed the two different pile diameters of interest. In the tests against actual
sructures in the Gulf of Mexico, only 30" piles were avalable for cutting. It is beieved that the
Scorpion® system did not deploy properly leading to improper arrangement of the device in the pile
resulting in a reduction of the charges effectiveness and incomplete severing. Additional work would be
required in order to solve the problem with the system deployment.

The genera conclusions of this study are that the vaues of peak overpressure, impulse and energy
flux density obtained from both the engineered and the bulk charges generaly follow the accepted
exponential shape when presented as a function of the distance from the blast charge divided by the cube
root of the charge weight. These values are aso closer to those computed with the Connor similitude
equation than those obtained with the ARA model which can be expected based on the method used to
obtain the equations and the conservative assumptions wsed to develop the ARA modd. The limit values
of 12 psi for the peak overpressure and 182 dB (re 1 pPa’-sec) for the energy flux density are obtained at
half the distance for the 4.05 pounds engineered charge than for the 50 pounds bulk charge. Additiona
experiments should be performed to confirm more precisely the results obtained.
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Abstract

The SNC TEC Corporation team conducted a research program related to the Explosive Removal of
Offshore Structures (EROS) and its impact on marine life. This work was performed for a contract
awarded by Mineras Management Service (MMY) in the fall of 2001. The mgor goa of the program
was to develop an engineered explosive charge system that would contain less explosive than the standard
50-pound bulk charge to undertake the removal of offshore structures. The targeted total weight of the
explosive of the new charge was to be below 10 pounds and, if possible, below 5 pounds. Blast
measurements to provide data to compare effects on the environment were also taken during the program.

The ScorpionO system developed by Explosives Systems Internationa (ESI) was chosen as the
system to hold the charges and place them inside the pipes to be severed. The development of the
engineered charges was based on the advantages of the shaped charge. Numerical modding and
experimental vaidation were performed on different types of linear-shaped charges. The computer
simulation results were used to obtain the optimal dimensions for the linear shaped charge design to be
used. These dimensions were found to be close to those of a commercia charge manufactured by
Accurate Energetics. A sturdy waterproof casing was designed to hold the complete charge system to
ensure adequate functioning and fit on the ScorpionO . These charges were designed and manufactured
for the removd of 30" and 48" diameter piles. Although the design of charges for the remova of 24"
piles has been completed, they were not manufactured.

Testing of the design, first at Defence Research and Development Canada (DRDC) Suffield and then
at the ES| test range, led to the find development of the charge design containing total explosive charge
weights of 4.05 and 6.58 pounds for the 30" and 48" diameter pipes respectively. Tests were then
conducted on submerged pipes in a quarry lake to demonstrate the ability of the engineered charges
mounted on the ScorpionO to sever both diameters of pipes and to test the blast measurement array.
Good results from al the preliminary tests was followed by vaidation testing of the system in the Gulf of
Mexico against actua structures made of 30" piles. The results showed incomplete severing of the pipes
with about two thirds of the pipe circumference uncut. Evidence indicates that an imperfect deployment
of the Scorpion® may be the cause. Additional work will be required to solve the problem with the
deployment system.

Measured peak blast overpressure vaues abtained using the experimentally recorded pressure curves
from two 50 pounds bulk charge and the engineered charge were studied along with the impulse and the
energy flux density computed from those pressure curves. This data was reviewed as a function of the
distance from the charge divided by the cube root of the charge weight. While general tendency of the
data for both types of charge was to follow the generaly accepted exponentia shape of similitude
equations, this data was relatively scattered, as indicated by regression coefficients (R?) between 0.40 and
0.90. The messured data did not aso aways follow the expected pressure reduction with the distance
from the blast point. For both types of charges, the measured data is closer to the computed data from
Connor study similitude equations compared to the Advanced Research Associates (ARA) model
particularly for impulse and energy flux density. This can be expected since the ARA mode was
developed from theoretical conservative assumptions while the Connor similitude equations were derived
from experimental data. The peak overpressure data of the engineered charge were generally lower than
the bulk charge data. The computed distance to obtain the 12 psi peak blast overpressure and 182 dB (re
1 pPa’-sec) energy flux density with the engineered charge is about half that obtained with the bulk
charge. This corresponds closdly to the ratio of 2.31 for the cube root of the bulk charge weight and
engineering charge weight.
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List of Abbreviation

ALE Arbitrary Lagrangian-Eulerian

ARA Advanced Research Associates

CD Charge width for linear shaped charge and charge diameter
for axisymmetric shgped charge

Compogtion B Explosve formulation made of 59.5% RDX, 39.5% TNT and
1% wax

Compostion C4 Explogve formulation made of 91% RDX in 9%
polyisobutylene binder

CTD Conductivity, temperature and depth

DOI Department of the Interior

DRDC-Sor DRDC Suffidd Defence Research and Deveopment Canada - Suffidd

EROS Explosve Remova of Offgore Structures

ESA Endangered Species Act

ES Explosve Systems Internationa

GOM Gulf of Mexico

HSS Hollow Structurd Section

LSTC Livermore Software Technology Corporation

LSC Linear Shaped Charge

MMS Minerd Management Services

NMFS Nationd Marine Fisheries Service

nonel non-electric

PETN Pentaerythritol tetranitramine explosive

PvC Polyvinyl chloride

RDX cydatrimethylenetrinitramine or cycdonite explosve
(abbreviation stands for Research Department Explosive)

INCTEC SNC Technologies Inc.

SNC TEC Corp. SNC TEC Corporation; American branch of SNC TEC
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1.0- INTRODUCTION

Pat of the misson of the Minerds Management Service (MMYS) of the US Depatment of the
Interior (DOI) is to "manage the minerd resources of the Outer Continetd Shdf in an
environmentaly sound and safe manng™.  Current oil platform decommissoning practices in the
Gulf of Mexico indude explosve and nonexplosve severing technologies Mo explosve
severings use "bulk" charges to section the dructures being removed.  The current maximum
explosve weght authorized by MMS for explosve dructure removd is 50 pounds the upper
limit of charge permitted by a generic Endangered Species Act (ESA) consultation.  The lower
limt of >5 pounds is detemined to be a "de minimus' levd st by another ESA conaultation.
The blast characteridics of explogve charges and their impact on wildliife has not been
completdly assessed.  Data on current weight limits has been obtained through extrgpolation,
hence the MMS expressed a need to obtain data from actud tests which could be later used to
confirm and vdidate the weight characterigtics.

. SNC TEC Corporation was awarded a contract in the fdl of 2001 to peform in Stu
compaison of an engineered charge, to be developed in this contract, with the sandard bulk
chage and thear impact on maine life when used for the Explosve Removas of Offshore
Structures (EROS) The generd god of this sudy was to better use the energy available from the
explosve charges used for ail platform digposd. This would dlow the use of a smdler quantity
of energetic materid to perform the same work thereby reducing the impact on the environment.
To put these charges in place for the severing of pipes, the method considered was the use of the
Scopion®  sysem  developed by Explosve Savice Internationd (ES), which is described in
Section 20 of this report. Pat of the desgn work therefore involved the study of the charges
st-up and the devdopment of an initiation method to fit this ddivery sysem to effectivey
remove the dructures piles found in the Gulf of Mexico. The am was for a totd explosve
weight mounted on the ScorpionO lower than the "Generic consultation limit" which reouires a
less rigorous gpprova process. This meant an explodve weight of less than ten pounds and, if
posshle less than five pounds. At the beginning of the contract, it was conddered to sudy two
concepts of engineered charges to sever the pipes, one based on fracture tape and one based m
linear sheped charge. The fracture tape resembles shgped charges but it is flexible, contains less
explosve and dthough it has been proven successful in some systems which were st in place by
a diver!, it must be in perfect contact with the surface @ the pile to section to obtain the required
cut. The principle of operation is the transfer of the shockwave to crack the pipe wdl. The fact
that the charges in the system would not be a the same level due to the nature of the ScorpionO
design, it was questioned if a continuous cut could be obtained. The use of such a system based
on this type of charge was conduded as not likdy to be sufficiently rdiable and it was therefore
decided early in the program to limit the work to linear shagped charge because this system was

! Poe, W.T., Method and Apparatus for Removing Abandoned Offshore Fixed Platform, US Patent 6,230,627 B1, 15
May 2001.
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viewed as having more capabilities for development of the required engineered charge.  This
report will therefore address this type of charge only. At the beginning of the contract, the
possble option to compare the environmentd impacts of the engineered charge with the bulk
charge by measuring the blast pressure was consdered and eventudly exercised as encouraging
results were obtained during the charge development and preiminary testing tasks.

The project team was led by SNC TEC, who was responsble for the contract management,
involved in the desgn of charges as wel as its manufacturing (certain parts were made per SNC
TEC and others subcontracted). DRDC Suffidd organizetion was respongble for the charge
desgn and the prdiminay tets ES was responsble for the full-scde tests in Louisana
induding the supply of the Scorpion®, mounting of the engineered charges obtaning the
permits and the coordination of logigics Some preiminary tedts prior to the tests in the Guif of
Mexico were performed under ESl.  When the contract option was exercised, Sondyds joined
the team to take the measurements and make comparisons of blagt effects.

The tasks involved in this program were as follows
- Task 1: Deveopment of an engineered charge design using computer Smulation;
- Task 2. Development of the explosive charge casing;
- Task 3: Manufacture and filling of charges dong with casng manufacturing;
- Task 4: Prdiminary testing of the concept a& DRDC Suffidd;
- Task 5: Design review, optimization and vaidation;
- Task 6: Manufacture of the find charge design and testing of the charges;

- Tak 7. Fnd teding of the charge sysem, fird in quary lake to vdidate the find
design and then in the Gulf of Mexico againgt existing Structures;

- Option (executed during Tak 7): Blad messurements and compaison of the
engineered charges with bulk charges,

- Task 8 Fnd report.

This find report will present dl the work performed during the course of this program in
chronologicd order to show the reeder how the charge concept evolved up to its find tegting in
the Gulf of Mexico. The Scorpion™ generd design will fird be presented in order to provide
some information on the set-up of the charges in this sysem. This will be followed by the
review of the fird concepts teted and the mehods both numericd sSmulaions and
experimentd, used to devedop them. Discusson of the prdiminary tets peformed a DRDC
Suffidld to check the concept and ther conclusons will then follow. This teding resulted in
modifications to the desgn, which will be discussad in the following section dong with teding
of these modifications. This report will be concdluded by presentation of the results of testing of
the find concept againg amulaed piles in a quarry lake and then on actud platform piles in the
Gulf of Mexico following a review of the find charge desgn as manufactured for those find
tess. Thiswill include the discussion of the blast measurement method and results.
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20- SCORPION™ DELIVERY SYSTEM

When the project team was created to prepare the project proposd, it was decided to develop
the explosve charge system to fit on the ScorpionO system developed by ESl.  This sysem hes
been used successfully with other charges and it was seen as having a very good potentid to
deliver the engineered charges to the sectioning point without the use of a diver. In this section,
we will discuss the ScorpionO features.

The ScorpionO condsts of a circular charge holder of adjugtable diameter supported by a
goring loaded frame In the collgpsad (reduced diameter) mode, the device may be leveed indde
the pile, once it has reached the desred depth, the spring loaded frame is released pushing the
cdreular charge holder hard agang the indde diameter of the pile A fird desgn of the
Soopion®  was patented in May 2001'. Figure 2.1 shows sde and top views of this first
ScopionO  design in the collgpsed configuration that endbles its insartion in pipes even if the
pipes are @ some angle. When the ScorpionO is lowered a the required level, a detonator (#108
in the figure) sections the cable (#109 in the figure) that was retaining the sysem in the collgpsed
postion. The action of the upper and lower sorings (#111 and 112) pushes the charges outwards
in the open postion of the Scorpion®. Both Sde and top views of the Scorpion™ in the
deployed configuration are shown in Figure 2.2.

Figure 2.1 - Scorpiond in collgpsed configuration — Side and top views

! Poe, W.T., Method and Apparatus for Removing Abandoned Offshore Fixed Platform, US Patent 6,230,627 B1, 15
May 2001.
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Figure 2.2 - Scorpion) in deployed configuration — Side and top views

A picture of the origind Scorpion™ configuration with one section removed to show the
arrangement of the chargesis presented in Figure 2.3.

Figure 2.3- Picture of the origind Scorpiond system with the front charge removed

During the course of the program, ESl developed an improved verson of the ScorpionO
named Scorpion2 . The idea behind this desgn was to obtan a smpler and more robust

arangement for charges deployment. The springs are now set a the charge levd rather than a
the top and bottom. A new festure was the incluson of top and bottom rings to protect the
charge assembly when lowering the ScorpionO in the pipe to sever.

Pictures of the Scorpion® ae shown in Figure 24to Figure 2.6. The first one shows the
Scorpon® in the collapsed position with the charges in place after the springs were tightened.
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The metd wire used to keep the arangement in the collgpsed postion is indicated by the black
arow. FHgure 25 shows the initigtion sysem and the detonation cord set in place with the
SoorpionO  ready to be lowered in the pipe.  The Ieft side picture is a top view with the top and
bottom pogtioning rings not in place.  The picture on the right Sde is a dde view of the sysem
with the bottom-pogtioning ring in place  The pictures presented in Fgure 2.6 show the
SoorpionO  lowered in a pipe with the postioning rings not in place.  The left side picture shows
the sysem in the collgpsad configuration while the right dde shows it in the deployed
configuration.

Figure 2.6 - ScorpionO lowered in apipe
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3.0- ENGINEERED CHARGE DESGN — SHAPED CHARGE

When conddering an explosve charge desgn to replace the bulk charge sysem with an
engineered charge, different sysems such as the fracture tape and the shaped charges were
reviewed for the proposd. After briefly consdeing fracture tape (as mentioned in the
introduction) efforts were concentrated on the linear shaped charge concept.  The engineered
charge to be desgned to sever the ail platform piles is made of a linear shgped charge (LSC)
enclosed in awaterproof casing. In this section, we will present the shaped charge design.

31 Shaped charge principle

The shaped charge was sdected over other types of explosve charges because this type of
charge uses the energy of the explosve in a very efficient manner therefore less explosive would
be needed to accomplish the same task. The shaped charge effect dso known as the Munroe
effect is based on the fact that a cavity formed in an explosve charge a the extremity away from
the detonation point produces an increase of penelration in a target materid. If the cavity is lined
with a thin layer of ductile materid, such as pure copper, the peneration cgpability is increased.
Setting of a distance between the bottom of the charge cavity and the target can further enhance
the penetration. This gand-off distance, is typicdly three to five time the charge diameter for an
axisymmetric charge.

The pendration capability of the shgped charge comes from the formation of a concentrated
jet of maerid from the liner. The high pressure developed by the explosive reaction produces a
jet travdling & very high vdocty, typicdly 3 to 15 km/s (10000 to 50000 ft/s). Ductile
materids, such as pure metas, ae used to produce shaped charge because the formed jet can
extend more before bresking and produce more penerdion a high dand-offs Densr materids
produce higher penetration because thejet materid isless eroded by the target.

So far, axisymmetric or cylindrical charge has been discussed, but the same effect can be
obtained with linear charges dthough the sectioning or peneration &bility is lower because the
jet veodty is typicdly lower. This happens because the concentration of the explosve energy is
produced aong aline rather than around a point.

The definitions of the terms that will be used in this report will be presented here to ensure
good comprehenson and avoid confuson. The current names of a shaped charge parts are the
explogve chage the liner and the caang. The liner is the ductile metdlic pat of the sheped
charge which is deformed by the explosve to form the jet which penetrate the target. The casing
refers to dructurd materid surrounding the explosve which is not pat of the liner and whose
purpose is to produce explosve confinement and improve the charge performance by containing
the gases and energy produced by the explosve, up to a certain time, and direct it towards the
liner. The complete linear charge will have to be contaned in a casng to ingdl it in the
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Scopiond  system and keep the cavity under the liner free of water. To differentiate between
those two casings, it was decided to use in this report the term tamping to refer to the Structura
maerid surrounding the explosve this term being used currently by scientis working in this
field to refer to the shaped charge casing.

32 Numerical modding

The fird gep of the program was to peform a sudy of linear shaped charge (LSC) using
computer smulaion with a hydrocode to sdect the optimd dimensons of the explosve charge
This work was partly subcontracted to Defence Research and Development Canada (DRDC)
Suffild in Alberta, Careda whose objective was to run a paameric sudy to obtan these
optima vauesfor the charges that were then to be manufactured by SNC TEC.

A review of LSC dedgn led to the sdection of the following range of vaues to gat the
sudies based on DRDC Siffield experience with LSC. The LSC design would require a charge
width of 15 - 19" an induded angle of 75-100° and should have an optimum dand-off of
goproximately 1'.  The liner thickness to charge diameter ratio for LSC should range from 4 to
6% for optimad peformance. The core loading required to penetrate 2', as indicated in the
literature and manufacturer catdogues, is typicdly 810 glem (3650 — 4725 graingfoot). It was
bdieved that improvements might be achieved by modifying tamping confinement and the
initiation concept. It has been shown tha increesng confinement in axisymmetric charges
dlows the base of the liner to make a larger contribution to the jet and hence improve penetrating
ahility.

3.21 Experimental validation testing

During the modding and dmulation phase (see next section), experimentd vdidation of the
results was conducted to confirm the vdidity of the smulaions Initid experimentd tesing was
performed on sheathed copper sheped charges filled with RDX explosve. Those were readily
avalable a DRDC Suffidd commercid charges manufactured by GOEX. These linear shgped
charges had a charge width of 1.25 inches, a core loading of 6.783 g/lcm (3190 graingfoot), and a
liner angle of 75 degrees. The gx-inch long charges used were dl fired a a one-inch standoff
from a two inch ded plae Some results obtained with different initiagion arangements are
presented in Fgure 3.1 and Fgure 3.2,

Fgure 3.2 - Penetration of a chargeinitiated 1.25 inch from the left end of the charge
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The measured data indicated that the penetration a the impact face was the same length as
the shaped charge.

To check the effect of different parameters on the charge design, charges containing liners
formed with a folding brake press were produced for the program. These charges were tested
agang a water backed ded plate to better represent fidd conditions. It was considered that
water and soil backing would result in less gpdl from the rear of the target plate as compared to
an ar-backed target which could therefore reduce the thickness of sted sectioned by the charge.
The typica charge manufectured a DRDC Suffidd in illusrated in Figure 3.3. The explosve
chosen for this work was C4 explosive because it could essly be molded by hand in different
chargedesigns.

Fgure 3.3 — Experimentd vaidaion charge

The twdve-inch charge has a raher smdl cavity for the explosve which, combined with its
length, led to difficulties in packing the C4 explosve. The presence of ar gaps in the charge
impedes the credtion of a good jet which does not recover as seen from the limited penetration
observed in the left Sde of Figure 34 below.

TV ST £ X/
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Figure 3.4 — Penetration results of 12 inches and 8 inches vaidation charges (3de view after
sectioning)

Shortening the charge to eght inches dlowed for the charge to be packed more essily and
resulted in improved performance as shown in the right side of Figure 3.4.

The inaufficient accuracy and precison in liners geometries produced by folding brake press
does not permit to check the actud effect of the parameter vdues Commercid charges with the
required precison would have been prohibitively expensve to produce with varied geomelries.
It was decided to produce the liners by machining two plates to the appropriate geometry and
laying them up in a jig to locate them while the plaies were soldered together dong the apex of
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the liner. Machining the liner dlowed a higher precison charge with more accurate dimensons
which resulted in better performance asillustrated in Figure 3.5.

Fgure 3.5— Penetration results of improved 8 inches vaidation charge

Initiad experimental testing performed on shesthed copper shgped charges filled with RDX
explogve required 3 to 4 inches to run-up. It is interesting to note that the machined design with
C-4 required hdf of this digance to achieve its maximum peneration. A flash X-ray photograph
looking down the length of the charge as it detonates is shown beow FHgure 3.6). The jet can
be seen exiting from the bottom of the charge and the end of the charge that has yet to detonate is
seen as a dightly lighter shadow. The veocity of the jet tip was measured to be 3.26 km/s. This
data dong with other measured val ues were used to vdidate the numerica modding.

Fgure 3.6 — Flash x-ray of the functioning of the 8 inches vaidation charge

3.2.2 Hydrocode smulation

The teem "hydrocode’ is used to name a finite dement or finite difference software
devdoped to dmulate large nortlinear dynamic deformaion in materids.  This type of computer
program has been used typicdly for the lagt thirty years to amulae, among other things, sysems
involving explosve charges deformation of metd and highr-speed projectile penetrations.  Along
with the conservaion eguations (mass, momentum, energy and entropy), these codes require a
complete definition of the materids involved by a dressdran rdation (conditutive modd),
equation of gate, falure criterion and podt-falure modd.

The smulaion work peformed by both DRDC Suffidd and SNC TEC was done usng LS
DYNA 3D hydrocode’. This hydrocode is of the finite dement type One advantage of this
code is the capability to use lagrangian, eulerian or a hybrid of both types of mesh destription
(arbitrary lagrangian-eulerian or ALE). Each of these mesh description presents advantages and
having dl of them enables to choose the adequate one depending what we wanted to achieve in
the different parts proved to be an advantage in this project.

2 LS'DYNA — Keyword User's Manual Version 970, Livermore Software Technology Corporation, April 2003
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Following the andyds with the hydrocode, the resulting data can be andyzed usng a pos-
processor to evduae displacements veodties accderations, deformed geometry of bodies,
dress and drain produced, reaction forces, energy, etc. This data is useful to verify the qudity of
the results, perform comparison between modes and ultimately perform the parametric study.

The fird sep was to deveop the geometry of the modeds for the origindly proposed charge
and cax desgn arangements induding the meshing. The casing design work will be discussd
in more details in Section 40 of this report. Two typicad linear sheped charge desgn modes
used in the parametric sudy areillugrated in Figure 3.7.

Fgure 3.7 - Typicd meshesfor parametric design with square and boat-tailed design

Some 2D modd smulaion was peformed usng adgptive remeshing techniques to follow
the high deformation of the maerid. This was completed by eulerian smuldions to perform
numerica parametric dudies for linear charge trade-off dudies Two modds used in the
parametric sudy computed with the eulerian meshing areilludrated in Figure 3.8.

b

Fgure 3.8 - Euler models of a 110-degree and a 75-degree charge

The results obtained during the parametric dudies were put in grgphs  These results were
used to determine the optima cherge design presented in the next section.

3.2.3 DRDC Suffidd smulation work conclusions

The paamdric dudies peformed by DRDC Suffidd from computer smulaions vdidated
by fidd trids led to the following condusions regarding the optimum design profile.  Fgure 3.9
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shows the definition of the parameters outlined in Table 3.1. The charge tamping is illugdraied in
ydlow, the explosve charge in blue and the liner in red. During the smulaion & DRDC
Suffidd, there was differentiation between the tamping a the back and on the sdes or wdl as
indicated in the figure.

—

t tamping
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4 ¥ i
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Fgure 3.9 — Linear shgped charge design profile
Table 3.1- Optima vauesfor linear shgped charge design

Penetration cwW H1 H2 t tamping C
[inch] [inch] [cm] [cm] [cm] [gfom]
15 125 0948 1776 0.283 6.8
2.0 1625 1316 2527 0.292 12.5

Note t wal =t liner =0.218cm for both cases

33 Additional testing

Following the dmulations done by DRDC Suffidd, some tets were done on the optimd
design to check the results obtained and the ahility to sever apile.

Snce the dimensons of the piles origindly identified as the mos likdy target to be
encountered in the Gulf of Mexico, and therefore those conddered for the find tedting in Task 7,
were 48"g diameter with 1.5' thickness preiminary testing was done on a pipe corresponding to
these dimensons and made of the same sted. Usng smilar type of targets as those to be used
for find testing improved our knowledge of the pipe materid and its behavior.

The pile maeid was teded with severd charges to determine the minimum amount of
explosve required to sever the 48-inch pipe. The test set-up is shown in Fgure 3.10. The pipe
was water backed to provide amore redigtic environment.

FHgure 3.10- Experimenta set-up for testing charges againd pile
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The charges were detonated and the penetration of the pipe was determined. The resulting
cuts obtained on the pipe areillugtrated in Figure 3.11.

Figure 3.11 - Rlefdlowing charge trid

The 48" dianger, 15", pipe was cut mog efficiently by the 75° charge. Difficulties arose
agan relaed to the hand packing of the C4 charges resulting in incondgent performance. This
problem was eventudly diminated by the use of cast or pressed charges in the find design. The
core loading required to cut the 1.5" pipe is consgent with caculated vaues presented in Table
31

34 Review of linear shaped chargedesign

At the end of the work peformed by DRDC Suffidd and presented above, the results were
discussed between SNC TEC and DRDC Suffidd in view of manufacturing the explosve
charges for further tesing in the actud configuration. Some adtitiond questions regarding the
charge Sze to be adle to cut the pipes were raised from the results.  This led to a more complete
literature review on linear shaped charges (LSC) to obtain data and andytical design equaions in
order to get an idea on the required charges.

The origind work plan and the god of the sudy for DRDC Suffidd was to congder the
complete devdlopment of a LSC filled with a mdt-cast explosve such as compostion B.  Some
desgns were proposed by DRDC Suffild usng the data presented in Table 31 but the
manufacturing would have required many operations with a detrimenta effect on the cost of the
find charges. It was therefore decided to review avalable commercid LSC to see if products
mesting the vaues determined by the parametric sudy were available.

While the work hed been fird done consdering a 48" pipe it was dso decided to work on
36", which was ds0 bdieved, from wha we were told, to be a common diameter to produce ail

platform legs

3.4.1 Additional design consderations

The dimensons of pipes to section conddered in the computations were indde diameters  of
36 and 48" with wadl thickness of 1.5 and 2'. In addition to these thickness, we looked a cases
in which an additiond 025" representing the thickness of the casing put around the charge to
produce the stand-off and ensure a space free of water below the liner was added to the pipe
thickness. This subject will discussad in Section 4.0 of this report.
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An important value to condder is the length of the charge so the required sze was computed.
It was conddered that the diameter of the pipe refers to the indde diameter.  With the ScorpionO
design, this length would be mede of four sections that would have respectivdy 28.274" for the
36" pipe and 37.699" for the 48" pipe. Each of these sections subtends an angle of 90°. This
angle does not present a problem with the pressed commercid LSC but can not be used to fill the
charges with compostion B explosve  This type of mdt-pour explosve requires cading in
dready curved charge hardware and the casting cannot be done without trapping ar. Based on
our experience with this type of explosve, a 45° subtended angle appeared to be the maximum
angle that would be feasble to obtan a good qudity charge. This means that two sections of
charge would be required on eech leg of the Scorpiond and that the charge length would be
about 14" for the 36" pipe and 19" for the 48" pipe.

3.4.2 Linear Shaped Charge (L SC) analytical computations

The formulas used to compute the data for the LSC were taken from the book "Introduction
to the Technology of Explosives'. It is mentioned in that reference that after you penetrate to a
certain level of the thickness of the target, the rest will crack by tsdf. Obvioudy, this depends
on the materid and the arrangement to be sectioned and may not gpply because there is pressure
agoplied a the outdde of the pipe which is why, for the computation, we conddered sectioning
the different values of thickness mentioned above (1.5, 1.75, 2.0 and 2.25 inches).

The relative penetration of a copper LSC is conddered to be to 0.9 times the width of the
charge. This is based on a charge with a 75° angle liner. The next sep is to establish the core
load of explosve (C) for the charge of interest. Cdculations were peformed usng these
equaions for the thickness mentioned in the last paragrgph and the results are presented in Table
32

Table 32 - Copper sheathed linear shaped charge data

Thicknessto Charge width Coreload of Stand-off Charge weight | Chargeweight
cut _ the charge _ for 36" pipe for 48" pipe
[in] [in]

[in] [grain/ft] [RDX Ibg [RDX Ibg
15 1.67 2865 117 386 514
175 194 3866 1.36 521 6.94

2.0 222 5073 155 6.83 911
225 250 6420 175 864 1153

The core load for the optimd charges to cut 1.5 and 2.0 inch thick pipes obtaned from
dmulaions by DRDC Suffidd and presented in Table 3.1 were repectivdy 3191 grffoot and

s Cooper, P.W., Kurowski, S.R., Introduction to the Technol ogy of Explosives, VCH Publishers Inc, New-York, NY,
1996.
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5867 grffoot for 1.5 and 2.0 inches thick materid. The charge core vaues obtained from both
methods are in the same range which confirmed the smulation work.

The charge length to cut a 36" diameter pipe as mentioned above would be 9425 fest and
1257 feet for a 48" diangter pipe. The totd charge weights to cut pipes with the thickness of
interes are presented in the lagt two columns of Table 3.2 Obvioudy, an important question
was the avalahdlity of such a charge core load from the manufacturers as will be discussed
below.

In order to compute the equivaent core load requirement in compostion B, we used the rdio

of Gurney energies (+/2E ) which is a good indication of the explosive ability to move metd and
is currently used with shaped charges The vdue for RDX is 293 km/s and 270 km/s for
compostion B. The dengty of the materid must dso be condgdered. In this case, the pressed
RDX charges have a densty of 1.65 glem® which is dose to the vaue of 1.67 glon? typicaly
obtained with cast composition B so they were conddered equa. From this data, it was obtained
that the totd compostion B charge to section the 36" pipe would weigh 94 lbs and 125 lbs
would be required for the 48" pipe. Obvioudy, this would require a change in the charge design
which was not be possible as described below.

3.4.3 Linear charge selection

Data on commercidly avalable linear charges was reviewed with the charge data discussed
above. Looking in the Accurate Energetics catdogue, (see Annex A), it was found that a copper
lined LSC with a 4400 granffoot core load of RDX would give a peneraion of 225" in 1018
mild ded & a dand-off of 1.25 inch. This vaue is lower than the core vaue obtained from
cdculated vdue which is around 6000 gr/foot but no manufacturer had charges with core vaues
close to that vdue It was therefore decided to use the 4400 grain/foot core load which was
deemed sufficient to cut the pipes which were mogt likely to encountered. Specid rollers for the
charge forming equipment were produced by Accurate Energetics to curve the charges to megt
the different szes of piles conddered. The actud dimensons, presented in Figure 312 bdow,
were requested from the charge manufacturer to findize the sdection of the casng sysem. The
scding of this chargeis closeto that of the Accurate charges.

Fgure 3.12 — Sdected linear shaped charge dimensions
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Smulaions were paformed with this charge and the 2D lagrangian modd used is illudrated
showing the jet formation after O, 12, 20, and 30 microsecondsin Fgure 3.13.

Hgure 3.13— RDX filled 4400-gr/foot linear shaped charge jet formation (not to scae)

From these results, a drawing of the required linear shaped charge subtending a 45° arc was
prepared congdering the avalable gand-off distance and the thickness of the casng materid that
will be described in Section 4.0 of this report. The pipe to be cut during the tes a& DRDC
Suffidd had 48" outsde dianger and was 15 inch thick. When Accurate Energetics was
contacted to order the required section of 4400 gr/foot linear shaped charge using the find design
illugraed in Fgure 314, we were told that they had done additiond studies on the charges and
that they had decided D replace the 4400 gr/foot charge by a 4000 gr/foot. They indicated that
ther tests showed smilar penetration performance and that the charge was easer to manufacture.
The charge dimensons were dightly modified to keep the same explosve charge density so the
charge height was reduced from 142 to 1375 inch and its width was reduced from 1.810 to
1.545. Thisheight reduction enabled usto obtain astand-off vaue closer to the optima vaue.

&

Fgure 3.14 - Curved linear shgped charge design ordered for testing

35 Explosvefilling

No readily avalable desgn for the compostion B filled charge was avalable s0 it was
decided to use the same charge design as for the RDX filled charge, in order to compare the
cutting results with charges filled with both explosives during the tests a DRDC Suffidd and
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then do the find choice of explosve after reviewing the results  An inert filling materid, which
could be pressed in the metad tubing to form a charge with dimensons gmilar to those of the
RDX filled charges but which could be easly removed was available from Accurate Energetics.

Sraght 12 inches and curved charges to fit the 48" pipe and subtending an angle of 45°, as
discussed in Section 34, were ordered.  Upon reception, the inet materid was removed with
high-pressure deam from indde the copper charge sheeth. The charges were filled usng a
gandard method used by SNC TEC to fill proectiies Ancillay equipment to hold the charge
draight up during the casing and cooling operation as wdl as a funnd adapter were developed.
Thefilling set-up isshown in Figure 3.15.

Figure 3.15— Compogtion B filling s-up

After filling, the charges were cooled in an SNC TEC proprigtary sysem. The funnd and
ancillary pats were then removed and the excess compostion B a the filling end of the charge
was cut with a band saw.
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4.0- ENGINEERED CHARGE DESGN —-CASING

While working on the lineer shgped charge design, dudies were dso on for the development
of the casing to hold the LSC and st it in the Scorpion™ sysem. This section describes the
seps leading to choice of the casing usad in the tedts.

4.1 Requirements

Prior to the dedgn, the requirements for the cadang were reviewed and the following factors
were retained:

- The caang had to be sturdy enough not to deform under the pressure generated by the
water a the depth of the pile severing;

- The complete charge sysem with the casng had to be waterproof to ensure that no
water could enter the shgped charge cavity which would reduce the performance;

- Thecasang had to be designed to ensure religble initiation of the linear charges,

- The thickness of the caang was dso important because the jet from the linear shaped
charge can cut a given thickness of dted, as discussed above, therefore any additiond
thickness of materid from the casing in front of the jet would reduce the thickness of
pipe thet could eventualy be severed.

4.2 Considered design

When the firsg casng concept was dravn based on what had been used by ES with the
Scorpion™, the casng maeid was not edablished and the shape was only limited by the
requirements mentioned in the last section. This concept is shown in Fgure 4.1 below.

Fgure 4.1 — Preliminary concept of casng

Three mgor casng desgns were conddered and will be presented in this section dong with
the advantages and disadvantages of each of them.

421 Flexibletube design

The smplest design conddered is presented in Fgure 42. This casng was planned to be
mede of rubber or a flexible tubing materid. The flexibility of this liner desgn could endble
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adjusment of the charge and meet the pipe interior shgpe in cases where it is not completey
round. Such a casng would present problems to sed the ends, principaly when it deforms o it
would be very difficult, if not impossble to meke such a casng waterproof. It would not be
durdy enough to set-up a system to ensure optimd dand-off distance resulting in a reduction of
the peformance of the liner shaped charge. An additiond drawback was the sze of tube
required to obtain the required stand-off distance.

Fgure 4.2 - Hexible tube design

4.2.2 Structural stee channel design

The second design consdered was the use of a dructurd sted "C" channd desgn that would
add some durdiness to the desgn and could have the width of the charge, so the system was
gndler. The two-dimengond dmulaion modd for this desgn is illudraed in Fgure 4.4. This
desgn ensured that the stand-off remaned a the optimd vadue There is direct access to the
charge for initigtion and reduction of the casng width compared to the tube mentioned in the last
section.  The drawbacks are that it should be ensured that the ends and the area where the linear
shgped charge fits on the channd are waeproof. The rdling of a channd with the diffening
legs towards the indde, as shown in Hgure 4.3, implies tha there is nothing to avoid their
warping principaly toward the ends. This warping would have then to be precisdy corrected.

— T — -

Fgure 4.4 - Sted "C" channd casing design
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4.2.3 Hoallow Structural Section (HSS) design

The third casng desgn developed was based on the use of "Hollow Structurd Section” or
HSS for short.  This type of dructurd section made of ded was conddered a very good
candidete for the following reesons. A cadng desgn mede of this materid had the advantage of
minimizing the surfaces to be waterproofed a the two ends. The durdiness of the entire casng
is inherent to this type of dructurd section which has draght rigid wdls to dlow precise
pogtioning of the liner depe charge indde the casng.  Although not avaladle in dl possble
Szes, which could have been a drawback, a sandard HSS was found with an internd width vaue
close to the charge width and a height which could provide a sand-off close to the optima vaue
discused dbove.  The HSS wadl thickness avaldble as wdl as the chemicd compogtion and
mechanicd properties of the sed are comparable to those of the dructurd sted channd used in
the smulations performed with the channd system presented in the last section so dl the results
previoudy obtaned indicating a minima reduction of peneration remaned vdid. In terms of
cod, this product being menufactured for the building condruction indudry it is easly avaladle
from mogt mill brokers.

HSS is avaladle only as draght product, so the curving to required radius to fit insde
determined pile diameter necesstates some Specific manufecturing techniques.  This point dong
with the indirect initiation of the charge through awall was viewed as the mgor drawback.

The HSS based desgn is illudraed in Fgure 45. The ends of the sysem are closed with
plaes screwed in place after placing the charge in the caang and setting-up the gand-off
disgance. Some water proofing materia was used to obtain the required sedling.

Fgure 4.5 - Hollow gructurd section design

To vdidae the efficiency of HSS casng and confirm the desgn sdection, some verificaion
tests were performed. The resstance of the standard HSS wal to the pressure generated by a
water column of typicdly some hundreds of feet had been quettioned. A verificaion of the
theoreticd resgtance of the HSS to this water column was dore conddering the wal of the
casang submit to an uniformly applied pressure of water and verifying maximum dress apply to
thewd| and its deflection.
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The dress vaue computed with these cdculaion is 73,760ps. Conddering that the ultimate
tendle stress is 85,000pd, the desgn is safe, dthough it is dose to the yidd dress of 50,000pg,
conddering that it is a vary word case andyss. The maximum deflection computed is 0.044".
This vdue was congdered negligible since as long as the casng remain watertight and engbled a
proper initiation, there is no concern for the deflection. With a basc caculation modd for the
collgpsing of a rectangular HSS, a fird goproach for verification of a theoretica collgpsing
pressure was adso done. We obtained a collgpsing pressure of 2551 pg, which corresponds to a
water height of about 6000 feet; that is much higher than the required depth. The exact solution
to the problem lies between the two cases presented here.

As mentioned above, the manufacturing of the casing, mainly the curving of the HSS to mest
the pile to saver internd dimensions, was seen as a mgor concern.  The casangs ae made of flat
ded rolled, then formed as a hdlow section and findly dosed with a ssem wed. Ther
fabrication process and materid properties make them difficult to curve without large digtortion.
The smples working method, which was eventudly sdected, was to use induction hedting while
curving. A curved section of HSS made to fit the interior of a 48" diameter pipe is shown in
Fgure 4.6. Wooden modds of linear shape charges subtending a 45° arc were put on the curved
HSS to show how the curves would match.

Figure 4.6 — Rolled HSS section to fit internal diameter of 48'g pile

Following the success of rdling HSS to fit the intend diameter of a 48'g pile it was
uncertain if HSS could be curved to fit smdler pipes internd diameter. The smalest diameter of
pile to be severed was onddered to be 24". A tes to rall of the same type of HSS used for 48'g
to adapt it to a 24"@ pile was peformed. The leve of dress induced was high enough to produce
wrinkles on the wdl of the HSS where the initigtion sysem would be dtting. Subsequently, a
different thickness of HSS, 3/16" indead of 1/8", was conddered and tested for bending to fit a
24" gpile

The draght HSS tubing was curved to the maximum arc leading to the required dimensions,
which was found to be ~180° as shown in Fgure 4.7. That figure shows two sections of HSS
tubing bent to the maximum angle covering the full 360° for both 24" and 48 " diamge piles
After bending to that maximum angle, the casing section lengths subtended by 45° arc for a48'g
pile were cut.
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Fgure 4.7 - HSS tubing bent to the maximum arc for 24"gand 48" g pile

The next issue to condder was the development of watertight closing of the extremities of the
HSS caangs To achieve this god, it was rapidly established that the surfaces to be assembled
should match up as much as possble The two open extremities of the casngs were machined
perpendicular to the section end to assure this match with the two machined cover plates. These
patsareshownin Fgure 4.8

W
11
2 vl

Fgure 4.8 - HSS casang machined extremity, dosng plate and fasteners

Although the fit obtained by the assembly of machined surfaces was viewed as the mgor
condderation to make the casng watertight, the assembly items could be subjected to mounting
and dismounting o0 the use of a gasket or a product acting as a gasket was conddered to be
necessaty. A review of different products that could be used as a sedant for our use led to the
choice of moldable sedants Two seding compounds, a 100% RTV slicone and an dastomeric
rubber, were tested.

Although no definitive conclusons were reached with regard to one faled sed casing, the
pafect results obtaned for dl the casngs prepared with the eastomeric rubber led to the

section of this materid for waterproofing.

At this point the casings were consdered waterproof and surdy. The main objective of the
casang beng to maintan the linear charge a a podtion where it will give the dedred stand-off
when initigted, the casng required some other improvements.  These improvements to the casing
rdaed to the initiation sysem and holding sysem for the charge will be discussed in the sections
describing initiation and charge holding presented later in this report.
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43 Final selection of design

At this point the HSS casng desgn with the features described above was findly sdected
and they were manufectured for the prdiminay tesing a DRDC Suffield according to the

drawing shown in Figure 4.9 for the curved sections.

Em— T “TEC
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Figure 4.9— Curved casng design for DRDC Suffidd testing
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5.0- ENGINEERED CHARGE DESGN — ANCILLARY PARTS

Along with the maor pats of the charges presented above, other ancillay pats, such as the
lineer sheped chage dandoff holding device and the initigion sysem, had to be dudied
congdering their importance to obtain adequatdy functioning charges.

51 Linear shaped char ge stand-off holding device

When the lineer shgped charge and the casng design were sdected, it became important to
devdop a method to obtan the required dand-off between the charge and the target. The
requirements for such a device were reviewed and are listed below:

- The linear shgpe charge is completdy enclosed in the cadng therefore the stand-off
holding device had dso to be endosed in the casang and inddled in such a way to
ensure that the charge would not move;

- This device had to ensure that a good contact was obtained between the boogter
holder and both the charge and the casing;

- The je cutting ability of the shgped charge jet should not be affected, therefore the
gand-off holding devices had to be postioned near the ends of the charges, possbly

on the casing covers and be as amdl as possble.

A sand-off holding device design for each cover plae, composed of two smdl blocks which
dood between the bottom of the charge and the hillet nuts when the covers walld be in place,
was devdoped. This dedgn is illugrated in FHgure 5.1. Two types of maeids dso shown in
Fgure 5.1, were conddered: a rigid foam maerid cdled "Aerofoam” and a hard PVC (polyvinyl
Chloride) type proprietary plagic named "Protane’. Once the holders were postioned, they were
&t in place with glue.

Fgure 5.1 - Sand-off holding device — Aerofoam on the left and Protane on the right
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A fird series of tet was peformed to check the sturdiness of sysem and the ability to
support both the charge and the booster holder when assembled insde the casings.

This tesing was paformed with a "jolt tes" which is currently used to test the Sturdiness of
militay sygems. This test condgs of a sequence of severe shocks produced by dropping,
sheking and rolling over of the tested item. Even though the test itsdf was not totdly
conclusve, dnce no other charge holder system passed it without deformetion and remaining
completely intact, it was conddered that the "Protang’ block produced a better sysem since it
did not deform.

As an improvement to get a more redigic testing, the "jolt test" was replaced with a drop
tet. Evauaing the forces imply to compress and release the ScorpionO and the kinetic and
potentid energy implied, a drop heght of 5 fet (1.5m) was condder to produce sufficiently
rigorous test to check the retaining force of the holders.

To improve the holding forces three different commercid adhesve were evauated, namely:
Loctite 380 (Black Max), Loctite 409 (Super Bonder) and Loctite 454. Findly different surface
preparation (sanding) and use of an ionic activator (Loctite 7471) were dso tested.

With these improvements, once again, the results were only patidly satisfactory because a
amdl number of "Protane’ block did not stay in place after the test.

The drop test was repested another time but this time an dagtomeric rubber was added
between the covers and casng while the case was being dosed. This dastomeric rubber is the
same one used to ensure that the casng was waerproof. This additiond materid was found to
add to the srength of the bond between the "Protane’ blocks and the covers. An examindion of
the drop tes results indicaed that sufficient durdiness was achieved for the LSCl/casng
assembly. The charge inddlation processisillugtrated in Figure 5.2and Figure 5.3.

Figure 5.2 - Sg-up of "Protane’ block charge holders with the dastomeric rubber

Fgure 5.3 - Find Inddlation of cover plate on the casing prior to the drop test
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5.2 Initiation system

Ancther important pat of the charge sysem is the initiation. One important congderation
was to avoid putting holes in the casng that would then require to be plugged to ensure that the
sysem remained waterproof after putting the initiation sysem in place. In addition, the results
of the charge testing had shown a reduction of penetration directly under the initiagion point so
different concepts were moddled and tested. The use of a dosed HSS was concluded to be the
best casng concept, as indicated in Section 4.0, but some prdiminay work was caried out to
develop a rdiable initistion sysem during the casng devdopment phese and the results had to
be eventudly adgpted to the find cadng desgn. The next sections will desribe the
computational and experimenta work done to develop this system.

521 Computer modeing

The devdopment of a 3D modd was firg dtempted with dmilar adaptive meshing
techniques to those used with the 2D modds. Numericd mesh indabilities associated with the
method of cdculation within the code and limitations with the meshing technique employed
would not dlow the modd to predict jet behavior. The 3D modd was eventudly developed with
euler based dements to diminate these difficulties. The drawback of the euler based dements is
the requirement for a much finer mesh and longer computer run times.  The smulaions with the
3D modd showed the same initid penetration geomelry noted in the experimentd results.
Approximatdy 2-3 charge diameters are required for the penetration to run-up to full penetration.
It was conddered that this could be addressed by increasing the head heght of explosve a and
about the detonation point to achieve the required pendration. The 3D modd was dso run to
quartify the change in pendration of the charge due to the curvature as illudtrated in Figure 5.4
The numericd sgmulations indicaes a negligible reduction in peformance results from the
curvature of the charge for a48-inch pile

Figure 54 - Initiation tes modding

Numericd modding of the initiation event indicated that an improvement could be obtained
near the initiation point by usng multiple initiation points (three initiation points).

Qil Platform Removal Using Engineered Explosive Charges (MMS)_

25



OIL PLATFORM REMOVAL USING ENGINEERED EXPLOSIVE CHARGES:
IN SITU COMPARISON OF ENGINEERED AND BULK EXPLOSIVE CHARGES
Final Report

522 Testing

An expearimenta trid was conducted with three initigtion points tested by the numericd
modding.  This initiation concept reduced the dze of uncut portion of ged. The plae was
svered by the action of calliding shock waves and the blast loading. The testing arrangement
and sectioning results on aged plate areillugtrated in Figure 5.5 and Fgure 5.6 respectively.

M

Figure 5.6 - Three point initiation sectioning results

In an effort to reduce the remaning portion of limited pendrdion, a Sx-point initigtion
system basad on two of the above units spaced a one charge width was tested. The length of the
uncut portion did not change remaning a goproximady two charge widths, but the height was
reducedto gpproximately 3/8” as shown in Figure 5.7.

A
e I ey

Fgure5.7 - Sx point initiation sysem sectioning results

A dmilar initiation can be achieved usng a dngle detondion point for the initistion system.
The initiation sysem will then propagate the detonation wave to the 9Xx detonation points on the
chargeitsdf.

During DRDC-S tedting, it was prefered to use a dmpler sysem and, if the peformance
would have been not acceptable due to insufficient cutting ability bdow the initistion point,
these concepts would then have been revisited.

Concurrent to the devdlopment work done a& DRDC Suffidd on the initiation system, some
development was dso done & SNC TEC. The objective of this development & SNC TEC was to
insure that the developed initiation sysem would be compatible with the deveoped casng and
enclosed linear shape charge, as presented above.
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The initiation concept needed to have an initistor ouside of the watertight casng creating a
shock wave going through the casng thickness to initiste a boogter thet in turn would detonate to
initiate the liner shgpe charge endosad indde the casng.  The initistor conddered was a
dandard non-eectric initistor typicaly used by ES for this type of work. The smpler concept
of booser holder developed was made of a wooden sheped device fitting over the linear shepe
charge with a hole on top to contain the boogster explosve. C4 explosve was consdered as the
booster explosve. The use of wood to fabricate the holder had the advantage of being reedily
avalable and easy to mechine while being antigatic when the charge is did ingde the casng.
This concept of the booster holder isshown in Figure 5.8

Fgure 5.8 - Complete charge design part including booster holder system

In order to pogtion the initiator where it is required on the surface of the charge assembly
and obtan efficent initiation of the booger explosve indde the casng, different arangements
were congdered. The find arangement sdected was a lineer groove machined on the surface
with the dimensons sdected to fit with the non-eectric initistor. The end of the groove
corresponding to the initistor end was placed on the center of the charge design as seen in Fgure
59.

Fgure59 - Linear grooveto inddl theinitiator

In concluson, the initistion concept evolved from the work done @ DRDC Suffidd showing
the potentid of the Linear Shgpe Charge initisted from a centra booster and the possble
improvements with multi initistion points

The precison required for the multipoint booster holder would cause difficulty, not only in

the manufacture and assembly of the charge, but would dso impact on the robustness of the
charge.

The desgn would eventudly have to be use dfidently in nonided conditions as those tha
would be met in the Gulf of Mexico.

Qil Platform Removal Using Engineered Explosive Charges (MMS)_

27



OlL PLATFORM REMOVAL USING ENGINEERED EXPLOSIVE CHARGES:
IN SITU COMPARISON OF ENGINEERED AND BULK EXPLOSIVE CHARGES
Final Report

6.0- EXPERIMENTAL TESTING AT DRDC SUFFIELD

Following the completion of the charge desgn induding the liner shgped chages, the
casing and the initigtion system, the parts were manufactured as planned in Task 3 of the project.
Those were then tested & DRDC Suffidd to verify the functioning of the charge and prepare
improvements in view of the find tesing & ES. In this section, we will firg sart with a quick
description of the materiad ordered and manufactured for the tedting, then the testing procedure
will be described and findly the results will be presented.

6.1 Charge manufacturing

Two types of charges were manufactured. Straight or flat charges were used to compare
pressed RDX filled charges with DRDC Suffidd compogtion C4 filled charges, evduae the
effect of the casng on pendraion and to sudy the initigtion setup. Curved ones were to be
teded agang the actud 48" diameter pipe desgn and peform explosve comparison between
pressed RDX and compostion B.  The length of the individud curved sections was adjusted to
the maximum dlowing a good qudity casting which was subtended by an ac of 45°, as
discussed in Section 35. In order to get adequate comparison between both explosves tested, dll
the curved sactions were the same length.

6.1.1 Linear shaped charges

As indicated before, the 4400 grans commercid linear shgped charge manufactured by
Accurate Energetics was origindly sdected but, as mentioned above, results indicating that a
4000 grans lineer shgpe charge was providing very dmilar sectioning performance while being
easer to manufacture led us to order this charge. This charge design was therefore selected for
the teds A quantity of 24 curved sections were ordered (~16.5" long subtended by an arc of
45°%) filled with the gandard pressed RDX filling. Another 12 sections were ordered with the
same charadteidics, but filled with an inet filling. The inet filling was removed upon
reception & SNC TEC and replaced with the Compogtion B explosve, as discussed in Section
35. The drawing of the charges is presented in Figure 6.1 for compodtion B filled charge.  In
addition to these curved sections 12 draght or flat sections of 12" long were ordered with the
gandard pressed RDX filling.
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Figure 6.1 - 45° arc compodtion B filled linear shaped charge for severing 48" g pile

6.1.2 Casngs

The hollow dructurd section sdected during the desgn dep, as described in Section 4.0, was
HSS 2" x 3" x 1/8" thick tubes This materid was ordered and manufactured according to the

following specifictions. For the draight charge tests draight casings dimensoned to endose
the sraight 12" linear shape charge were fabricated. One such casingispictured in Figure 6.2,

LWy - =

Fgure6.2 - Straight charge casing with milled end extremity and cover plate

Once the casng manufacturing was completed, the location of the initiator was determined
and the required groove was machined on the top outer surface of the casing.
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For the curved charge teds the HSS tubes had to be firg curved by induction heeting as
discussed in Section 4.2.3. The curved tubes were then sectioned to the exact length to enclose a
lineer shape charge subtending a 45°arc to section a 48'g pile. Once the HSS was curved, the
other geps to prepare the ends and machining of initiation location groove were the same as for
the draight casngs The find casng chage arangement induding both the linear shgped
charge and the casing are shown in Figure 6.3

Fgure 6.3- Curved casng for sectioning 48" @ pipe

A aufficient quarntity of casings for the number of charges described in Section 6.1.1 was
manufactured and sent for the testing planned a& DRDC Suffield and described in Section 6.2.

6.1.3 Andllary parts

As discussed in Section 5.0, in order to hep produce a watertight casing, it was decided to
perform the initiation through the caang hence the groove on the outsde surface described in the
previous section to ensure perfect podtioning.  Indde the cadng, a wooden booger holder was
used to contain pressad C4 explosve in a hole  Two designs of boogter holder with different
holes szes were manufactured and sent to Suffidd in sufficient quantity for the tests.

6.2 Field testing

The teding a DRDC Suffidld was plaoned with dl the paties involved (MMS, DRDC
Suffidd, ES and SNC TEC). One purpose of the tests peformed a DRDC Suffidd was the
measurement of the peformance of the sdected LSC filled with both pressed RDX and
compogtion B in order to findize the explosve choice and decide if the sdected LSC was
peforming as expected. Another important god was to test the effect of the casing in the
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performance reduction. The mgor parts of the tesing planned a Suffidd took place as expected
from March 3¢ to 6", 2003. One test was postponed until the following week because of the
very cold wegther.

The origind tet plan incdluded the fallowing tests

- Initigtion tests with graight LSCs filled with RDX to compare their peformance to
previous initigtion tests performed by DRDC Suffield with C4 charges,

- Initigtion tests with casngs usng draght LSC filled with RDX to evduate the effect
of acasng on performance;

- One test with three curved LSCs filled with RDX enclosed in casings to evduate the
performance againg a pile section;

- One tet with three curved LSCs filled with Compostion B in casings to evdude the
performance againg a pile section.

Different arrangements were tested for the explosive acceptor indde the cadng or booster
explosive Were tested packing with composition C4, Detaprime® and Detasheet® .

The nond initigtor used done on the outdde of the casng was found to not initiate reigbly
the booder charge through the casing wadl. To improve the inititor efficiency, tests were
performed using Detaprime® and Detasheet®.

The fird set of tests was peformed on both draight and curved pressed RDX filled LSC.
These tests were performed with the bare LSC charge, both without casing and in casng. The
draght RDX filled LSC without casng showed a reduced penetraiion beow the initiation
sysem, which had been observed previoudy when tesing was done during the development of
the optima design LSC testing by DRDC Suffidd.

The enclosng of the draght pressed RDX filled LSC in a caang showed the same kind of
behavior.

The lagt series of test was performed with curved Compostion B filled LSC indde casings.
The test with only one charge agang a target showed performance smilar to the linear charge
filled with pressed RDX. The test peformed with three charges mounted in an arangement
dmilar to what will be obtained when using the ScorpionO showed less performance than the
charges filled with pressed RDX. This led to the choice of RDX filled LSC as the preferred
desgn for the remainder of the project.

The "Protane' blocks used to support the charge were found to be difficult to work with
during the tests, s smpler dternatives were consdered. A charge holder made of two wooden
blocks spacers a the extremities was sdected when it was found to be sturdy enough and have a
minimum effect on jet formation and penetration during tests.
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6.3 Conclusons

The generd conclusons from the testing peformed a DRDC-Suffidd as pat of Task 4 of
this project were the following:

- Shaped charge pendraion is not ggnificantly changed if ether sauraed sand with
water or water are used as backing behind the target;

- Peneration of the target is reduced below the initiation point;

- A Detachest® based initigion sysem proved to be the most successful.  The
importance of ensuring very good contact of the different parts of the explosve train
(initigtion system and LSC) was evident from teding. This is even more important
snce theinitiation system is outside the casing while the boogter isingde the casng;

- Dud initigtion increeses the penerdtion in a locdized area where the detonation
waves interact.  This increase comes a the expense of reduced overdl penetration as
the charge runs-up from two points with reduced penetration below them as indicated

above

- The presssd RDX linear shaped charges outpeformed the Compostion B filled
charges in peforaing the pile wadl, resulting in additiond blas rdated damage <o
pressed RDX chage was sdected as the LSC man chage explosve for the
remander of this program;

- Prdiminary tets usng wooden blocks as charge holders did not indicate a reduction
of performances compared to the "Protane’ blocks design so it was decided to use this
type of holdersin future work based on the fact that this concept is easier to use.

At the end of the tests, discussons took place regarding the booder charge manly how to
produce it easly and relidbly. Different concepts were conddered and it was decided that

additiond work should be done on this subject prior to thefind tedts
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7.0- CHARGE DESIGN MODIFICATION AND TESTING

In this section we will present the work done on the conddered modifications and testing
following the prdiminary tests & DRDC Suffidd. This work was performed as pat of Task 5 in
the contract work plan. In addition, prior to the testing n the Gulf of Mexico, it was decided to
test both the charges and the blast measurement system in a quarry lake. This work was part of
Tak 7a

71 Linear shaped charge and casing design

The charge dimensons were origindly desgned to section 48" diameter piles To cover a
complete circumference dght sections of 45°, two for each of the four ScorpionO legs, were
ud. When the presssd RDX LSC charge filling was chosen over the Compodtion B filled
charge, as mentioned in the conclusons presented in Section 6.0, the redriction to use 45° ac
section became irrdevant.  Even if a cear advantage from overlapping the charges was not
identified during the DRDC Suffield tedts, it was decided to use such charge arrangement based
on the previous ES fidd experience. Usng these premises it was decided to use charges
sections subtended by a 95° ac for exch ScorpionO leg.  This choice dmplifies the
manipulaions by reducing the totd number of lineer shaped charge/casng assamblies to be
mounted on the Scorpion® from eght to four and fadilitates the mounting on each ScorpionO
leg. It dso produces an overlgp of goproximately 1.5" a the extremities of adjacent charges.

Some discussons implicating MMS, ESI and SNC TEC reeched to the conduson that 48'g
piles would be the preferdble target because this dze of pile would bring results which will
encompass dl diameters and thickness amdler than tha sze  Unfortunatdy the avalability of
this type of pile in the Gulf was low and, in the opinion of ES and MMS, it was very improbable
that enough piles of 48'@ would be avalable a the time the find tedting in the Gulf was planned.
Based on this information, it was decided to desgn and manufacture charges for a second
diameter which was condgdered more likdy to be avallable Based on daa avaladle to MMS
and ES, it was decided thet 30'@ piles with 1" thick wal were the most likdy to be avalable for
the demoalition work to be conducted during the period of interes. The tes plan was therefore
modified in a way to severe one of these two diameters (30'@ or 48'9) depending on ther
avalability. The thickness was conddered only to compute the length of charge corresponding
to fit the insde of the pipe because the form of linear shgped charge was not changed.

As mentioned above, segments to cover an ac of 95° were to be used to achieve overlgoping
for the 48'g piles Usdng the same idea of overlapping, the 90° arc was extended to 98° for the
30'@ piles in order to kegp the same overlapping length (1.5). The linear shaped charge desgns
are illugrated in Figure 7.1 for the 48" pile and in Fgure 7.2 for the 30" pile Important deta on
both chargesis presented in Table 7.1.
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Fgure 7.2 - Linear shaped charge design for severing 30" @ pile
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Table 7.1 - Dimendons of curved linear shape charges
Fletobe | Arcangle | Subtended Subtended Outer [nner Incividua Totd
severed degree aclength  arclength radius radius charge charge
(externd)  (internd) weight weight
inch inch lbs lbs
48'g, 15" % 3A52 32.24" 21.15" 19.78" 164 658
thick wadl
A0'g 10" B 2125 18.90" 221" 11.34" 101 405
thick wadl

The caang dedgn dimendons adso had to be adgpted to contan the two different LSC
required to section 48'g and 30'g piles They ae illusrated in FHgue 7.3 and Fgure 7.4
respectivdly. For information, the disance between the top of the LSC and the ingde surface of
the HSSis equd to 0.125" in both cases.

Fgure 7.3- Casng for explosive charges to sever 48" g pile
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Fgure 7.4 - Casng for explosve chargesto sever 30'@ pile

72 Manufacturing of new HSS casngsfor ESI and Gulf of Mexico testing

The HSS maerid for the casngs was ordered based on the desgns dimensons for 48'g and
30'a piles The bending of the HSS to 95° arc sections for the 48'@ piles was performed without
problems usng the same method used to produce the previous 45° sections. When the HSS
sections were curved to 98° arc sections for the 30"g piles, they showed the same wrinkles on the
indde diameer as those dready seen on HSS curved to the 24"g pile, as discussad in Section
423. After conddeing and testing 3/16" wdl HSS indead of 1/8" wadl, the 1/8' wadl with
wrinkles was sent for ES teding to evauate the red influence of the wrinkles  This could
incdude ar gap and degradation of the shock wave through the casing to the LSC, (see Fgure 7.5
to Fgure 7.7).

The quantities of casings to be manufactured for each diameter were dso discussed. It was
agreed that 30"@ piles had more chances to be avalable than 48'@ piles for the Gulf testing. The
cadngs were therefore ordered for a minimum of sx 30'g piles and two 48'@ piles, enabling us
to test in the Gulf and & ESl on both diameters.

Along with desgn improvements on casng dimendons to improve the sectioning ability of
the sysdem by charge overlaoping, the quantity and locations of initigion points on the charge
casing was further discussed. Based on DRDC Suffidd tedting, it was conddered that dud
initiaion would bring the advantage of incressed peneration in a locdized area where the
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detonation waves interact but reduced overdl penetration due to the penetration reduction below
the initiaion points as discussed before  In addition to this congderaion, the dud initigion
brings a redundancy effect that is conddered as a security dement in use of explosves by the
blagers. This last condderation lead us to the decison to use dud initition. These two
initiation points were located a 2%4" on each Sde of center of the casing.

Fgure7.7 - Resulting cut from thewrinkled casng in a30" g pile

73 Initiation system and booster holder device

At the end of teding a& DRDC Suffidd, it was mentioned that it would be good to have a
sysgem that would reduce explosve handling and the resulting effort. Some design effort was
therefore put on a system to prepare and hold the booster explosve charge in place. Such a
booster holder device concept and its conddered arrangement on the charge is shown in Fgure
78.

Oil Platform Removal Using Engineered Explosive Charges (MMS)_

37



OlL PLATFORM REMOVAL USING ENGINEERED EXPLOSIVE CHARGES:
IN SITU COMPARISON OF ENGINEERED AND BULK EXPLOSIVE CHARGES
Final Report

Fgure 7.8 - Booger explosive mould concept and inddlation overview

In a priminary concept of the booder holder, it was desred to have a reusable mould to
prepare the booster charge but it quickly appeared advantageous to develop a boogter holder
concept that would become pat of the booster resembling those origindly desgned before the
DRDC Suffidd tesing. Another aspect consdered in eaboration of a booster holder was safety.
The posshility of building up and discharging datic dectricity during insating of the charge
should therefore be conddered. With dl these aspects in mind, the design of the booster holder
was developed to be easlly manufectured out of different materids and eeslly adgptable to the
charges for sectioning both 48'g piles and 30'g piles The boogter holder is illustrated in Figure
7.9for 48'g piles, the same concept was developed for 30" g piles.

- O

Figure 7.9 - Booger holder 48'g pile
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Once the dedgn was deveoped, the question of the maerid to manufacture them was
dudied. Three different materids were conddered in the study: polycarbonate, laminated paper
and duminum. Samples of the design were fabricated with each of these materids. They were
then compared to each other based on ease of manufacture, dadticity (in order to hold booster
explogve), fragility, durdiness, etc. The review of al those consderaions led to the choice of
duminum as the best-adapted materid for our use Eadly avalable as extruded tubing, it is
machined to make the find required piece. The materids were dso tested for ther tendency to
charge with ddic dectricity.  Aluminum dill gopeared as the bet choice based on ddic
eectricdty charge. It was then conduded that booster holders made of duminum presented the
bet propeties in tem of sufficent rigidity to receve and hold booster explosve and hed
aufficient surdiness to be handled inside of the casings.

Although different explosives for the booster had been tested & DRDC Suffidd led to the
choice of Detasheet®, some additiond tests were performed a the ESl test range.  These tests
were paformed by ES usng RDX and PETN sheat eplodves This teding showed good
performance of both explosves to initiate the linear shgpe charge but better cutting performance
under the point of initistion was obtained with Detashest®. This confirmed our choice for the
find tegsin the Gulf.

74 Linear shaped charge holder

As mentioned in Section 6.3 on the DRDC Suffidd teding, it was concluded that wooden
blocks had minima effect on the charge jet performance. The same concept was retained for the
preliminary tesing a the ES test range. Many szes of wooden blocks were fabricated to fit dl
vaidions of casngsdimendons A typicd arrangement isshownin Figure 7.10

Fgure 7.10- Wooden block charge holder

75 Blast measurement — Testing definition

Snce the beginning of the project, the posshbility of measuring the effect of underwater use
of explosve was conddered an option to be exercised if the tesing & DRDC Suffidd provided
good results  The results obtained and described in Section 6.0 led to the award of the option. It
was defined in the origind plan tha messurements to be taken were to include pesk pressure,
impulse and energy flux dendty. An origind pattern of messurement gages was defined with
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severd vetica arays of tourmdine piezodectric gages providing sensors a  different heights
and digances from the explosve source. This arangement, which is shown in Hgure 7.11, was
defined assuming 100 feet of water and the charges ingde the piles 15 feet below mud line.

Sonalysts 16 sensors disposition (Figure . )

MMS 9 sensors (near field), 3 sensors (far field)

Disposition to be discussed

Hear field Limit

SR 100 &

1 i
= 5n
= Bh
= SR
- g

N - - e Butem

. 15 . (Explosivedepth)

FHgure 7.11 - Array of sensors digposition assuming 100 feet of water depth

Minimum gandards guidance for collection of data defined by MMS induded requirement
for dte chaacterization measurements data such as water depth and temperature, sdinity
profile, sound speed profile, sediment type and gSructure type description.  As for the explosive
charge to be tested, the net explosve charge weight and explosve charge type were to be
recorded. The requirement document aso included data on the collection plan such as the need
of nine pressure transducers a near fidd (within 100 feet of the explosive source), three far fidd
a vaying digances and depths. It was requested that the locations of pressures transducers and
the depth of the burid of explosive were to be precisdy measured.

The data to be obtained from the test were pesk pressure, impulse and energy flux. The pesk
pressure or pesk ovepressure is the maximum vdue of the pressure wave resulting from
expangon/compresson of the media as recorded a given distances from the source of blast. For
the array sensor deployed the blast pressure rises to a maximum in terms of microseconds (USeC)
and dfter it dedines The impulse is the integrd of the pressure over time. The energy flux
dengty is a measure of change of energy across a unit surface perpendicular to the shock wave
propagetion.  The posshility of determining reaionships and trends in the data collected was
dso discussad as posshle future work.  This andyss would incdude dampening effect of
sediment and dructures, water depth and properties, sediment type and properties, and the effect
of explosve mass on shock wave propagetion and acoudic propeties from the explosive
detonation.
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Regarding the relationships and trends to be computed, it was established that it was not part
of the origind contract. It would be left to MMS to deemine if, from the quantity of
expariment and data gahered, it could be possble to edstablish such rdaionship and trends.
With only one or two experiments the edtablishment of some redaionship and trends was
definitely not a certainty.

As discussed earlier it was dso edtablished that a dry run for the measurement eguipment
would be an asset before carying out the find messurements testing in the Gulf of Mexico.
Tak 7 was broken in two sub-tasks. This dry run was established as Task 7A and named
"Priminary tests a ES" while the second sub-tasks or Task 7B was "Teding in the Gulf of
Mexico". A meeting to review the tests results was planned between the two parts of the task.

751 ES testrange

As indicated above, some design confirmation tests prior to testing on actud platforms were
planned a the ES test range as Task 7A. The detals of these tests have been documented in
Annex D of the Background Documents® to this report. The mgor points will be reported in this
section.

When tedting a the ES test range was planned, two diameter piles (30" and 48") were
conddered based on the fact that it was not cler a that time what Sze of ail platform piles
would be avalable for sectioning in the Gulf. As pat of this teding series, some individud tests
were plaoned on individud charges to prove functiondity and sectioning performance of the
lineer shape charge mounted with both sand-off and booster holders. It was the occasion to
confirm tha the casng design was fully waertight and that initistion through the wal of the
casing was dficient. Teding & ES test range was dso used to verify complete arangement of
charges when deployed with the Scorpion® on both pile dianeters targeted.  Findly, these tests
were used to check the Sonaysts equipment.

The highlights of results obtaned during the tests are presented in the remander of this
section.  One sectioning test was performed in a 30'@ pile usng one linear shgpe charge mounted
in a caang with wooden block stand-off holder with one booster made of PETN and one made of
RDX.

]
SO = T

Fgure 7.12 - Cut produced withaLSCina30'gpile

4 Saint-Arnaud, D., Pelletier, P., Poe, W., Fowler, J., Oil Platform Removal Using Engineered Explosive Charges: In
Situ Comparison of Engineered and Bulk Explosive Charges— Final Report Background Documents, April 2004.
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A dmilar tesx was conducted with the same arangement, but in a 48'g pile with RDX and
PETN boosters (see Figure 7.13).

Figure7.13- Cut produced withaLSCina48'gpile

The cut under the RDX booger presented clearly the gppearance of the jet passage, while
under the PETN booster a pat of the cut was not clearly associated with the jet passage but

looked more like crack propagation. This confirmed the selection of RDX as the boodter.

Undewater testing using Scorpion®  system with the developed engineered charges againgt
piles were conducted in a quary lake near the ESl location. One test was peformed agang a
30'g pile usng four complete charges mounted in the Scorpion® with wooden blocks stand-off
holder for the linear shape and two booster charges of RDX indde each casing. The pile was st
a the bottom of the quary lake a about 15 feet depth. Each liner shgpe charge-casng
assembly was made to be watertight usng the gasket sedant previoudy tested and chosen for the
project. The charges initigion was produced by nond initistors placed between two layers of
Detasheet®. There was two initiation points per charge for a totd of eight for the totd system
with the charges ready to be deployed in the 30"g pile.

Once the complete Scorpion) system was lowered at the required level, the charges were
deployed. The charges deployed in a30"g pile areillugtrated in Figure 7.14.

=

Figure 7.14 - Scorpion® with charges deployed in a 30" pile
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When these operations were done, the Sondysts measurement equipment was st-up. The
aray of sensors was a 30 and 55 feet from the explosve source while acquistion sysem and
andyzer were on the ground a a safe distance Figure 7.15.

Fgure 7.15 - Deployment of sensors array

To be precise, the sensors array was fird set-up for a 30'g pile, but then, for technica
reesons described in the Annex D of the Background Documents' to this report, the first
sectioning was peformed on 48'g pile, 1.5-inch thick which was then followed by the 30'g, 1.0
inch thick pile savering.  When everything was in place the charges were initigted.  All the
charges were correctly initiated and the jets produced complete cut through the pile wal. Fgure
7.16 shows two views of the cut, the left picture shows a face on view of the cut and the right
picture shows a Sde view with the offset resulting from the configuration of the ScorpionQ.

s i

Fgure 7.16 - Face and Sde views of the cut on the 30"@ pile
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The two views of the cut show dearly the severing on the entire circumference. There is no
large deformation or mushroom effect and no remaining tabs between the cuts done by the four

legs of the ScorpionO .

The blagt transducers in the array picked up the pressure wave from the blast produced by the
chages The dgnd trangmitted to the equipment was recorded and then further andyzed. The
complete andyds done induding grgphs of transducer shock pulse data can be reviewed in
Sonalysts report, presented in Annex E of the Background Documents’ to this report. In their
andyds Sondyds soientigs indicated that they could diginctly identify the blas from the
shaped charges. Being in a highly endosed aeg, pat of the many obsarved pesks were
atributed to reflection in the pipe dructure or charge ddays and bottom or quarry wal reflection.
On the firg st up which was on a 48'g pile, the transducers 1 & 2, (see Hgure 7.15), did not
worked properly, thiswas repaired and they dl recorded the pressure data for the 30"g pile.

The other test was performed on a 48'g pile  The same arrangement as for the 30"'a pile was
usad with the exception of the engineered charge dimensons which were made to fit this gze of
pile, as described ealier in this section.  Deployment of the charges with the ScorpionO was
done in the pile before immerson in the quary lake (see for reference Fgure 7.14) showing a
30'gple

Difficulty was encountered in postioning the pile on the irregular floor of the quary lake
Severd atempts were made before the pile was successfully pogtion dbeit in a dightly canted

postion. The repested manipulaion of the pile with the charge and ScorpionO sysem inside
may have resulted in damage due to shaking and jolting of the experimenta set up.

When these operaions were peformed, the measurement equipment was redeployed. The
arangement of the array of sensors was smilar to the one used for 30"g pile and placed a 30
and 55 fegt from the explosve source while acquidtion sysem and andyzer were set-up, see for
reference Figure 7.15.

When everything was in pogtion, the four charges were detonated. The find result obtained
was a patid severing of the pile The resulting cuts are shown in Fgure 7.17 with a numbering
of the four junction points of ScorpionO legs. We can obsarve a tab between two cuts as wdl as
the fact that athough the cuts overlgpped each other, some one of them were deviated.

Qil Platform Removal Using Engineered Explosive Charges (MMS)_



OIL PLATFORM REMOVAL USING ENGINEERED EXPLOSIVE CHARGES:
IN SITU COMPARISON OF ENGINEERED AND BULK EXPLOSIVE CHARGES

Final Report
LA
~__— Junction#2
Junction# 1
Junction # 3
Junction# 4

FHgure 7.17.-.Globd view of 48'g pile after severing

The patid severing a the four junctions of the Scorpiond® legs and between them, were
closdly examined, see Hgure 7.17 & Fgure 7.18.

Even if the severing was incomplete, it gopeared that the four charges were initigted. As in
the case of the 30"@ pile, the resolution of the equipment used by Sondyds specidists endbled
them to identify the blast from dl four shgped charges As dready mentioned, unfortunately the
sensors 1 & 2 from the array see FHgure 7.15, did not work during this experiment.  The Stuation
was reedily corrected by Sonaysts specidigts, and it did not regppear in the next experimen.

A pogt mortem andlyss of dl the events was conducted to try to explan why the charges did
not perform optimaly to competely severe the pile.

The experimentd preparation was investigated and no anomdies on loading or assembling
procedures were uncovered. Charges and casngs were handled to ensure postioning, seding
and maintain of dl the assambly.

The charge inddlaion procedures was dso questioned..  With the savere shaking imposed
on the caangs ingde the pile while the pile was set-up in the bottom of the lake, it gopeared
redidic that the stand-off holding blocks in one or two casngs may have shifted and could be
the mogt likdy explanation for the results. If that hgppened, it would have caused one or many
of the folowing events The initiation would have been done from only one point ingead of
two. The initigion could have resulted on one or two points but without intimate contact
between the indde of the caang and the booster maerid. The intended initiators could have
produced no initiation, the initiation resulting from the shock wave of the adjacent charges a one
or both extremities These events would combine with a logt of the correct stand-off distance
and a posshle dant of the LSC indde the casng. A dose look to some detals of the cuts & the
junctions of severing give some support to this last hypothess The left picture on FHgure 7.18
show the same cut in continuity with the right picture. Looking a the shgpe of the extremity of
these two cuts it can be seen that both turn upward see Fgure 7.18. The two picture from Fgure
7.18 show the same cut going from junction #4 to #1.
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Figure 7.18 - View of the two parts going from the Junction#4 to# 1

With these two pictures Sde by dde the danting of the LSC indde of the casing appeared
very probable. The danted charge being initisted near the center, the jet produced followed the
orientation of the LSC which is more gpparent at the extremities.

While the explanation of the impefect sat-up of the charge gopeared very likdy, it was
difficult to confirm it without a doubt. So, it was decided to peaform some additiond tests on
48'g pile cutting before the Gulf teding. It was dso decided to improve the holder system
durdiness by the same occason. One solution to make it durdier was to put a longer and
therefore more gtable wooden block holder in front of the liner shgpe charge.  While this
changed nothing in tems of dandoff distance, this meant interference of wood on the jet
formation and reduced penetration on a longer digance. Expanding foam was dso conddered as
a possble maeid to be used to produce sand-off holder because it would have a minimum
effect on the jet because of its lower dendty, see Figure 7.5 and Fgure 7.6, with the longer
wooden block on the right and the expanded foam on the |eft.

This tes was conducted on a 30'g pile This tet was a0 used to venify the effect of
wrinkles on the casng made of 1/8" thick ded. As mentioned ealier, the wrinkles were
presumed not to cause any loss of initiation efficency or to influence the charge performance.  If
the wrinkles had an influence, it was expected we would observe ether no initigtion or a
weekened cut under initiation point, when compared to previous tess on 30'@ pile usng a casng
with no wrinkles

The results showed that even if the cut was complete under the charge it was observed to be
wesker locdly under the charge holder made of the long wooden block (see Figure 7.7 ad
Fgure 7.19).

Fgure 7.19 — View from outsde of the resulting cut from the wrinkled casngina 30" gpile

The previous assumption that wood dendty was aufficiently low to pemit an efficent
formation and moving of the jet was therefore proven incorrect. From the andyss of the results
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of this test and previous ones, it gopears tha if the wood blocks were too thin so they were not
9lid enough to hold the linear shepe charge and boodter in intimate contact with the HSS top
aurface. If this happens a tilting of the LSC may result indde the casing and in the best case a
deformed jet is produced, or, in the word case, it may result in an ar gagp and no initidion by the
iniiator sysem.  If, on the other hand, the wooden block was too thick, it could have an
influence on the optimd jet formation and therefore reduce its efficiency.

In the case of the expanded foam, dthough it had a very minimd effect on the |, it was
difficult to set in pogtion and, more importantly, it did not provide the required rigidity to the
system.

This last tet completed the ES test range testing saries as origindly planned and the
fallowing condusions were made:

Efficient and rdigble initistion of a linear shape charge and severing of 30'@ piles could
be obtained usng ether 316" or 1/8" thick wal casngs even if there are wrinkles formed
on the surface of the latter one;

The rdiability of the charge initigtion and ensuing severing of 48'g pile Hill required
ome improvement.  The mog likdy modification area being to work was conddered to
be the wooden standoff holding blocks,

Data acquidtion and messurement for pesk pressure, impulse and energy flux were
performed in accordance with expectations  Sondyds specidids viewed the problem
with two sensors not working in one deployed aray during one test as a non-recurrent
problem and they conddered that this should not happen during the Gulf final tedting.
There was therefore no remaning question about messurement technique and this part of
the deployment was considered reedy for the find testing.

It was dso recommended to conduct additiond tests on the charges to section the 48'g piles
to obtain initiation and severing as rdidble as those obtaned in the 30'g piles. Two series of
teds were planned in sequence. A fird saries implied development of stand-off holding blocks
The god of that fird series was to vdidate different materids and configuration to be used as
gand-off holding pieces and it was planned to perform it usng draight charges The purpose of
the second series of test was to use the results of the first series to sdect the optima stand-off
holder and gpply it to curved charges usad to section 48'g piles.

The recommended tests were eventualy conducted. For the firg series of tedts, two designs
of dand-off/charge holder were condgdered: a modified PVC pipe section and a shaped wood
block. Both desgns were developed and some prototypes were manufactured.  The wooden
holder is illusrated in Figure 7.20. They were subsequently tested by ES looking a <Sturdiness
of the assembly, ease of handling and resulting sectioning obtained with the charge. It was
concduded by ES tha the two concepts were working equaly wel during the tests involving
their explosive technicians.
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Fgure 7.20 - Shaped wooden charge holder design

The second series d tests was then conducted to complete Task 7a. These tests were done on
improved 48" chage desdgn induding the two different dand-off holding devices described
above. These tests took place a the ESl facility on August 4", 2003. The tests were witnessed
by people from the New Orleens MMS office A complete circumferentid cut (360°) was
achieved, as dedred. Both dand-off holding devices showed smilar good results  Findly a
dight advantage on the ease of handling led to the choice of the wooden holder.

With the successful completion of this testing of the improved 48' charge design, two
desgns of aray with proven efficiency for the two pipe szes of interet (30" and 48') were
therefore conddered avalable for the find teting in the Gulf of Mexico on actud plaforms
planned for Task 7b. Both have been tested and found working well underwater in what was
consdered Smilar condition as offshore.
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8.0- FINAL CHARGE DESGN

Following the last series of tests performed, the charge design induding dl the ancillary parts

that insured the functiondity of the complete sysem was findized. The charge pats can be
quickly described asfollows:

The RDX filled linear shgpe charge curved to the correct radius to sever the pile of
interest.  The cuneture radii for two different pile diameter, 30'g and 48'g piles have

been deve oped.

The hollow gructurd section (HSS) casng curved to the correct curvature to meet the
inner circumference of the pile to be sectioned. HSS thickness of 1/8" were proven to be
acceptable for both pile diameter to section. As in the case of the linear shaped charge,
curvature redii for both 30"g pile and 48'g were developed. Outside of the casing, two
sections are machined directly over the location of the endosed boosters explosive holder
to ensure optimd pogtioning of the initigtor sysems. Cover plates, milled to fit without
gap and ensure the assembled charge is watertight, are used to close the ends of the
cadng. In addition, a gasket sedant is applied on the cover plates to ensure that the find
caang arangement is completdy watertight. The cover plates ae assembled to the
casing with four threaded billets welded on the indde corners of the casing. The cover
plates are tied to the casing by four taper rews insarted in the cover plates.

The charge holders insure that the linear charges do not move in the casang. They keep
the charges in contact with the complete initiaion sysem including the boogster and
maintan the shgped charge sand-off disance. The sdected holder was the shaped
wooden block. Two holders Situated a both extremities of each charge were used.

The booger holder dlows confinement of the boodter and keep intimate contact with the

lineer shape charge and the casng wdl. The holders ae made of duminum and two
types one for eech pile diameter consdered (30" and 48"), were designed to ensure

perfect fit. There are two boogters on each charge that are placed each sde of the
centerline to ensure a beneficid security redundancy.

The drawings of these different parts desgned for the charges to sever the 30'g and 48'g
piles are presented in Annex F of the Background Documents' to this report.
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9.0- FINAL TESTING

The find experimenta task of the contract was to tes the charge desgn mounted in the
Soopion®  system againgt actud  platform piles in the Gulf of Mexico and to compare the blast
obtained with these engineered charges againg 50 pounds bulk charges C4. In this section, we
will fird present some detals of the tex plan and then discuss the targets which have been
sectioned usng the charges desgned for a 30'@ pile Unfortunatdly, no target containing 48'@
piles was avaldile during the teding time frame, dthough the charges to sever such pipe
dimensons were manufactured.  In consequence this part of the testing was cancelled. This will
be followed by the presentation of the details of the results and findly thelr andyss.

91 Test plan

The tests were caried out in the Gulf of Mexico according to the test plan presented in
Annex G of the Background Documents’ to this report. The tests described in the plan aimed a
two objectives. The firs one was to confirm that the engineered charges developed and mounted
in the SocorpionO system could entirdly severe 30"@ piles on adud plaforms in the Gulf of
Mexico. The second objective was to teke blast measurement on both the engineered charge and
bulk charge as wdll as data on the test environment as requested by MM S for future use.

In the origind tes plan, the chosen dructures were assumed to include four targets each.
These four targets were supposed to be three piles and one well. The origina plan was to sever
two piles with the Scorpion®O system while the remaining pile and the well were to be severed
using bulk charges

Idedly the three legs and the wel have to be severed quas dmultaneoudy. If not, the
dructure would become ungeble with so few supports. Therefore dl the severing should be done
within seconds.

The requirements for the Structures to be severed were that they had to be amilar and, as
indicated above, they had to be made of three piles of 30" and one well. The diameter of the
well could be different than the piles diameter. Each dructure had to dlow the use of the
Scorpion® on two piles with the possibility of using bulk charges on one pile and on the wll.

The acceptance criterion was the complete cutting of the piles.

As previoudy mentioned, messurements to be performed during the tet were such as to
endble the measurement and recording of blast pressure data The pesk overpressure was
obtaned from the curve and the impulse and energy flux vaues computed. Typicdly the
impulse vaue is obtained by the integration of the area under the curve of the pressure versus
time grgph. The energy flux vadue is obtained by computing the area under the curve of the
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square of the blast pressure versus time graph.  After each tedt, targets were to be photographed
to evduate damages Any remaning patid dructures cut were dso to be photogrephed fa
evauaion of depth and shape of penetration.

Other measurements on the environment were to be peformed concurrently.  Sondysts
pesonne was to provide a CTD (Conductivity, Temperature and Depth) logger to get
measurements of water depth, temperature and conductivity. Information on sediment type and
dructure was to be provided by MMS. Deals on explosve charges were to be provided by
SNC TEC and ESl.

9.2 Targetsdescription

Two dructures were identified for our tesing to prove the efficiency of the severing system.
Thexe dructures in the Gulf of Mexico were located a block 21 in South Timbdier. They

belonged to Huber Energy and were named JM. Huber # 97 and JM. Huber # 120. Those
dructures were a gpproximately 5 to 7 miles from the shore and 7 to 9 miles from dock fedilities
in Port Fourchon. The map presented in Figure 91 shows the generd area where block 21 is
located aswell as some idea of the water depth in the area.

[Port Fourchon

.

[sT21}

Fgure 91 - Block 21 dructure location in South Timbdlier

The review of the information avalable on the two dructures suggested tha actud
dimensons and conditions of the dructures were posshbly different than the descriptions in the
avdlable drawing & MMS. A "premobilization ingpection” of the identified dSructures was
therefore suggested and accomplished on October 7", 2003 by a team induding MMS and ES
personnd.  This ingpection enabled to confirm that both structures had three 30'@ piles and that
one dructure did not have a wdl. This ingpection dso dealy confirmed that underwater
vighility in this area was too low to permit efficent locdization of the sensor aray by divers
team, which led to the rent and use of a Sdescan sona by the MMS people to peform this

operdtion.

Fdlowing this "pre-mobilizetion ingpection’, the emphess was put on the schedule for the
teding mobilization. As the two identified platforms were avalable, it was a question of timing
for the team involved (MMS, ES, Sondyds and SNC TEC) and the avalability of the barge A
big barge is essntid to decommisson this kind of dructures to insure complete remova of Al
dismantled parts and to perform the related operations such as cleaning.
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The first tesing mobilization took place between November 10" and 14", 2003. A second
ingoection was performed on November 14", 2003 on both structures to get confirmation on
some condruction detalls such as legs angles and spacing between members.  The purpose of
these measurements was to obtain the exact location of the sensor array with respect to the actud
postion of the piles and sources of blasts. Fictures taken during this ingpection are shown
bdow. HFgure 92 shows dructure #97. The three 30" piles can be observed but there is no
indication of the wel. Structura damages and active corroson can be observed on the dructure.
Fgure 9.3 shows dructure #120 dso from block #21. The three ®" piles can be observed with
the off-centered wdl. This dructure, as the previous one, shows sructurd damage and active
corroson.  The right Sde of Fgure 9.3 shows dructures #120 on an angle where it can be seen
that the entire structure is twisted.

Fgure 9.3- Structure #120
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Unfortunatedly no gructure was decommissoned on this firgt testing mohilization, for reasons
out of control, the barge which was planned to be available for this effort hgppened to be offste
during this period. Then a new window of opportunity for the decommissioning was discussed
and planned to be between November 20" and 239 2003. For this new period the tesm who
perform the tet was made of MMS, ES and Sondyds personnd. The decommissoning of the
two dructures was effectively completed during this period.

9.3 Experimental set-up

The actud testing took place between November 20" and 239 2003. As indicated in the
previous section, the dtructures were not exactly as expected in the test plan. While dructure
#120 had three piles and one wdl, dructure #97 had only three piles and no wel was found,
ather visible or submerged. The levd of corroson and dructurd damages made it difficult to
lower the ScorpionO sysems in place (indde the pile 15 fest under mudling), which
consequently led to some modification.  Only one pile was severed with a Scorpiond®  assembly
on each dructure because of this problem. On gructure #120 this meant that two piles and the
well were severed with bulk charges while two piles from dructure #97 were severed with the

buk chage The quas-smultaneous severing of the piles and the wel however remaned a
vauable method to obtain charge comparison data

The decommissoning operations began with plaform #97. The fird opeaion was to

remove the upper section of the platform. This fird operation was done by cutting the topdde
without the use of the explosves and then loading it on the barge, see Fgure 9.4. The mud was

Fgure 94 - Structure # 97 as topped

After the indde of the piles was deaned, the ScorpionO and the bulk charges were lowered
in the piles a about 15 feet under mudiine.  Once a the required postion, the ScorpionO was
deployed.  Before explodve initigtion find sgt-up, the sensor aray was deployed, see buoy
dignment on Fgure 94 and its pogtion confirmed with two sonar, one operated by MMS and
another one on the Derrick barge, (see Figure 9.5).
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Pilewith
Scorpion®

Fgure 9.5 - MMS Sidescan sonar readings

The postions of the reflectors indicating the locdization of each tourmdine sensors gauge
was determined according to the pile dosest to the deployment of the sensor aray. The detals
of the sidescan sonar locdlization readings are shown in Annex H of the Background Documents'
to this report.

Two measurement of water depth, temperature and marine conductivity were conducted with
the RBR XR-420 CTD logger prior to the two experiments The fird series of measurements
was taken the day before the firs experiment (Structure #97 decommissoning) and the second
series on the day of the second test (Structure #120 decommissioning). The second series of data
was more difficult to measure due to the rough sea date, but good data was obtaned o0 this
method is very rdidble The data recorded data is presented in Table 9.1 while detals can be
found in Annex | of the Background Documents® to this report.

Table 9.1 - Dataobtained from the CTD readings

Date Datafor Time Conductivity | Temperature | Pressure | Depth (m) | Speed of
Structure (mScm) °O) (deciBars) Sound

(m/sec)

11/21/03 #97 85503 42.79 2317 25.37 1511 152339

11/23/03 | #120 14:44:40 43.29 2303 21.59 11.36 152348

Along with the decommissioning operdtions of the gSructures, sediment sampling was to be
done by MMS. The obective was to provide a more complete characterization of the soil
environment where the blast had to travd. McCldland Engineers, Inc. and Fugro Inter, Inc. had
previoudy done exhaudive geotechnicd invedigation in the surrounding of the dructures for

Qil Platform Removal Using Engineered Explosive Charges (MMS)_



OIL PLATFORM REMOVAL USING ENGINEERED EXPLOSIVE CHARGES:
IN SITU COMPARISON OF ENGINEERED AND BULK EXPLOSIVE CHARGES
Final Report

Temneco Ol and Exploration and Production in 1982° and 1984°. It was considered more
vauable for this project to use these dudies indead of peforming andyss of two new soil
samplings for the two dructures. The soil samplings peformed in those previous invesigations
showed that soil congsted from soft to iff olive gray clay. They had been taken from two Stes
repectively located a about 1.2 and 3.5 miles away from dructure #97. Data on these sampling
are presented in Annex J of the Background Documents' to this report.

94 Experimental results and analysis

9.4.1 Pilesevering procedure and results

A cdibration tes charge was fired to verify the functioning of the sensor aray prior to the
fird experiment (severing of Structure #97). The results showed that three sensors from the
twelve deployed aray did not function (sensors E, J & K). It was unfortunately not possble to
correct the problem because of the short time available to perform the decommissioning.

A 50 pounds bulk charge was lowered in the pile dosr to the sensor aray while the
Soorpion®  system with the engineered charge and a second bulk charge were locdized in the
piles further away (see Hgure 95). When dl the set-up was completed for Structure #97
removd (fird experiment), the initiation sysem was connected and the explosive charges on the
three piles were detonated. The results indicated thet the pile with the Scorpion® was only partly
svared. To completdy sever this pile, a bulk charge was lowered a a postion degper than the
previous Scorpior® location. These operations were necessary in order to inspect the dructure
and to see the results of the first attempted severing done with the Scorpion®. This last operation
was successful and the structure was finaly removed (see Figure 9.6).

Pile# 3 partly
severed with

Scorpi on®

Figure 9.6 - Remova of sructure # 97 after find severing.

®> McClelland Engineers, Inc, Geotechnical Investigation, Boring 1, Block 27, South Timbalier Area, Gulf of
Mexico, Report to Tenneco Oil Exploration and Production, October 1982.

6 Fugro Inter, Inc., Soil and Foundation Investigation Well no.11, Block 22, South Timbalier Area, Gulf of Mexico,
Report to Tenneco Oil Exploration and Production, February 1984.
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The second structure to be decommissoned was #120. One pile wes sectioned with the
ScopionO  assambly  while the two others and the wedl were severed with 50 pounds bulk

charges. The same set-up procedure was used for the charges as for structure #97, except that
the exact pogtioning of the sensors in the area could not be determined due to boat propeler
wash "overshadowing the sSidescan sonar™.

A cdibration tet charge was dso fired before the severing of dructure #120.  This
verification of the sensor aray showed tha only one of the twelve deployed sensors did not
function this time but, as the previous day, it was not possble to repar it during the time frame
avalable,

Then, the testing took place.  Although some work had been done to avoid the problem of the
Scorpion®  deployment experienced in the previous test, it appears that it was not totdly resolved
because the same problem is believed to have occurred in this second test snce the pile
containing the Scorpion” delivered charge was not completely severed and about one third of the
crcumference showing Sgns of cut was observed as in dructure # 97. To complete the severing,
abulk charge was then ingtaled in the pile partly severed with the ScorpionO .

94.2 Pilesevering resultsanalyss

Basad on previous tests done with the Scorpion systems and the review of the find cut after
recovery, it gopeared that the most likdy explanation for the incomplete severing of the pile by
the engineered charges mounted on the Scorpion® sysdem was an incorrect deployment of the
sysem. The collgpsed or patly collgpsed Scorpior® would have been lying on one side of the
pile, where the charges would have been in good contact with the wdl. This typicdly
corresponds to a contact surface of about 1/4 to 1/3 of the circumference of the pile.  This
imperfect deployment of the ScorpionO  system would have resulted in a partly severed pile with
about one third of the circumference being cut. This gopears to be conggtent with what was
reported by ES representative.  Another possible explandtion, dso relaed to the postioning is
the fact thet in order to produce optima sectioning results, the Scorpion® should be positioned
perpendicular to the pipe longitudind axis.  If it was @ some angle compared to the pipe, the
L SC would not be positioned optimally resulting in areduction of the penetration effect.

Although, there was no meen to veify the correct deployment of the system, difficulties to
lower the Scorpion® inside the pile were experienced and could have been instrumentd to the
incorrect deployment.  Deployment is initisted by cutting the wire illustrated in Figure 2.4 with
an explosive cutter.  In the ES test range, the Scorpion® deployed correctly but the wire was
sectioned manudly.  There is no apparent reason why the Scorpion® would remain collgpsed or
patly collgpsed when inddled indde of a pile if the sysem function correctly. A vaudble test
to be performed would be to put a Scorpion® with its charges in the collapse postion dong one
dde of a pipe and fire it to see the actud effect on pipe sectioning. The results of this test could
be compared with those obtained in the Gulf of Mexico tesing to ascertain that this is redly
what happened. A test plan would then be required to find the factors that could cause this faulty
deployment of the Scorpior® and resolve them.  Some tests conditions could be a deformed pile,
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vaidble interior diameter of pile presence of mud a leve of deployment, effect of heght of
water, effect of friction between diding items etc.

9.4.3 Blast pressureresults

As indicated above, dl the sensors did not work esch time they were used. In the ES test
range, from an aray of Ix sensors, two gave no sSgnd in one experiment. In the Gulf testing
from an aray of twdve sensors, three did not work in one experiment and one in the other. Al
the sensors were verified and cdibrated before those experiments, and even then, some did not
work a al. This means that the condition of the experiment are very harsh and can cause faulty
contacts that are cutting the sgnd. A possble solution calld be to put two sensors a each
podtion of the aray. Then, during the use of the tet charge in open water preceding the
sveing tes, it would be possble to determine which sensor can give faulty results and keep this
data for informetion only.

Usng the DL 750 ScopeCorder connected to the sensor aray, the shock wave pressures
developed from the charges of the three piles in the dructure of the fird experiment were
recorded. The data was then andyzed by Sondyss and it can be found dong with ther
priminary condusions given in their report in Annex | of the Background Documents’ to this
report. Since the results were very puzzling, a subsequent review of the data was performed and
it was redized that some wrong assumptions have been done which influenced the results
presented in Sondyds report. Corrections were goplied to the dant range digances and
engineering charge weight. Those are discussed in Annex B and C as wdl as in Section 94.1
below. The charges and sensors arrangement isillustrated in Figure 9.7 below.
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Fgure 9.7 — Explosive charge and sensor array deployment
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During the second tedt, blast pressure measurements were taken from the three severed piles
and the wdl but an unfortunate error in the operaion of the recording equipment resulted in the
deletion of the recorded data indead of their sorage. The operator took notes of the levd of data
he had observed before the deletion and indicated hat the vaues were higher than those from the
fird experiment. This daa is however too limited to be useful =0 it will not be possble to
analyze measurements from the second experiment.

The recorded data of the blast pressure curves from the first experiment was first andyzed by
Sondyds experts and pesk overpressure, impulse and energy flux dendty vaues were obtained
from the recorded curves These vaues and the method to obtain them will be explained later.
The firg review of the data did not lead to any conclusons because the data did not follow the
generdly accepted laws of shock wave physics and results tendency observed during tests done
previoudy. A subsequent review by Mr. T.J. Broussyd from the New Orleans MMS office led
to the review of some assumptions made a the time of the tesing and used in the cdculation
mainly the pogtions of the teted charge in the dructure and their distance from the sensors in
the aray. His results led to more meaningful data review and they are presented in Annex K of
the Background Documents' to this report.  Subsequent review of these results by SNC TEC led
to some adjustments to the results to condder the red weight of the engineered charge (4.05 Ibs)
compared to the used vaue of 4.6 |bs. Smadl changes were dso made to obtain the exact vaue
of the dant range or the distances between the blast charges and the sensors in the array. This
find review and the method used to peform the caculations are presented in Annex B of this

report.
In addition to the measured vaues, the vadues of pesk overpressure, impulse and energy flux
density were computed with the ARA modd’ for both types of charges (bulk and engineered) as

explaned in Annex B for comparison purposes.  Since RDX was not in the choices of explogves
in the cdculaor for this modd, compostion G-4 explosive was used for both types of charges.

Connor similitude equations coming from the socaled Connor study? and described in more
detalls in Annex B were ds0 used to compute the same vaues to compare with the experimenta
vaues and the ARA modd results.

The blas overpressure vaues which are defined as the maximum initid excurson from
ambient of the pressure gauge signd when the shock wave arives® are presented in Table 9.2
below.

" Dzwilewski, P.T. and Fenton, G., Shock Wave /Sound Propagation Modeling Results for Calculating Marine
Protected Species Impact Zones During Explosive Removal of Offshore Structures, Applied Research Associates
Inc report for MM S contract 0302P057572, September 2003.

8 Connor, J.G., Underwater Blast Effects from Explosive Severance for Offshore Platform Legs and Well
conductors, Naval Surface Warfare Center, NAVSWC TR 90-532, 15 December 1990.
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Table 9.2 — Measured and computed peek overpressure vaues
Peak Overpressure (ps)
Transducer Sant range Charge ARA UWC | Connor Man Hed
(ft) weight (Ib) FleSmMEQ | measurements

Charge A (4.05lbs RDX engineered charge) — Pile 3
A 77.2 4.05 155.7 42.0 139.2
B 80.9 4.05 147.0 384 140.3
C 85.1 405 138.2 348 78.8
D 98.6 4.05 1155 26.2 86.7
F 1045 405 107.6 234 744
G 127.7 405 84.3 15.9 455
H 129.6 405 82.8 155 93.2
I 1323 405 80.7 149 119
L 251.6 405 36.8 4.3 101

Charge B (50lbs C4 bulk charge) —File 2
A 77.2 50 465.7 205.1 1379
B 80.9 50 439.9 190.3 167.1
C 85.1 50 4135 172.7 98.2
D 98.6 50 3455 1305 90.9
F 1045 50 321.9 116.8 134.2
G 127.7 50 252 79.6 64.1
H 129.6 50 2475 773 82.7
I 1323 50 2414 744 1188
L 251.6 50 110.2 21.6 26.8

Charge C (50lbs C4 bulk charge) —Rile 1
A 40.3 50 1029.6 742.6 244.1
B 46 50 8735 575.3 281.6
C 531 50 7335 436.1 279
D 60.6 50 628.2 337.9 1925
F 69.7 50 5285 258.0 2116
G 89.3 50 389.9 159.9 1514
H 92.1 50 376 150.7 137.7
I 95.8 50 357.9 139.6 833
L 214.7 50 1344 294 41.2

The second type of vaues conddered are the impulse which is defined as the integrd under
the pressuretime signa®. Once again, impulse vaues were computed with the ARA modd and
the Connor amilitude equations. As explained in Annex B, it is very important to remember that
in his gmilitude eguation for impulse, Connor used the reduced vdue of the impulse which he
obtained by dividing the impulse vaue by the cube root of the charge weight in order to have the
same type of equdion as for the pesk overpressure.  In the case of the vaues presented in Teble
9.3, the absolute values of impulse are used.
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Table 9.3 — Measured and computed impulse vaues
Impulse (ps.s)
Transducer Sant range Charge ARA UWC | Connor Man FHed
(ft) weght (Ib) PleSMEQ | measurements
Charge A (4.05lbs RDX engineered charge) — File 3
A 77.2 405 0.041 0.025 0.016
B 80.9 405 0.039 0.023 0012
C 85.1 405 0.037 0021 0012
D 98.6 405 0.033 0.016 0.010
F 1045 405 0.031 0014 0012
G 127.7 405 0.026 0.010 0.006
H 129.6 405 0.025 0.010 0.010
I 132.3 405 0.025 0.009 0.008
L 251.6 4.05 0014 0.003 0.004
Charge B (50lbs C4 bulk cherge) —Pile 2
A 77.2 50 0.226 0.237 0.069
B 80.9 50 0.216 0221 0017
C 85.1 50 0.207 0.202 0013
D 98.6 50 0.181 0.156 004
F 1045 50 0171 0.240 0.019
G 127.7 50 0143 0.098 004
H 129.6 50 0.141 0.096 0013
I 132.3 50 0.138 0.093 0.016
L 251.6 50 0.077 0.029 0.022
Charge C (50lbs C4 bulk charge) —Pile 1
A 40.3 50 0.781 0.140 0.146
B 46 50 0.616 0.193 0.126
C 53.1 50 0477 0.183 0.108
D 60.6 50 0.376 0.108 0.093
F 69.7 50 0.293 0018 0.030
G 89.3 50 0.188 0.081 0.061
H 921 50 0.178 0.066 0.059
I 95.8 50 0.166 0.044 0.056
L 214.7 50 0.039 0.030 0023
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The lagt type of vadues conddered ae the energy flux dengties which is defined as the
integrl of the square of the pressure amplitude 8. Once again, energy flux density vaues were
computed with the ARA modd and the Connor smilitude equations  As explaned in Annex B,
it is vey important to remember that, like in the case of the impulse Connor used in his
amilitude equation for energy flux dengty the reduced vadue of the energy flux dengty which he
obtained by dividing the energy flux dengty vadue by the cube root of the charge weght in order
to have the same type of eguation as for the peak overpressure.  In the case of the values
presented in Table 9.4, the abosolute vaues of energy flux dengty are used.

Table 9.4 - Measured and computed energy flux dendty values

Energy Hux Densty (pg.in)
Transducer Sant range Charge ARAUWC | Connor Man Hdd
(ft) weight (1b) File SMEQ | measurements
Charge A (4.05lbs RDX engineered charge) —PFile 3
A 77.2 405 0.586 0.101 0.132
B 80.9 405 0531 0.087 0.097
C 85.1 405 0478 0.074 0.055
D 98.6 405 0.352 0.047 0.038
F 1045 405 0312 0.039 004
G 127.7 405 0.206 0.021 0.013
H 129.6 405 0.199 0.020 0.057
I 1323 405 0.191 0.019 004
L 2516 405 0.050 0.002 0.004
Charge B (50lbs C4 bulk charge) — File 2
A 77.2 50 9314 3045 0.813
B 80.9 50 8449 2697 0.138
C 85.1 0 7.605 2305 0.078
D 98.6 0 5599 1.463 0419
F 1045 50 4961 1221 0.105
G 127.7 0 3.269 0.656 0.280
H 129.6 S0 3.170 0.626 0.047
I 1323 50 3037 0539 0.082
L 2516 0 0.798 0.079 0.051
Charge C (50lbs C4 bulk charge) — Pile 1
A 40.3 50 24539 3589 4.168
B 46 50 16.219 5.526 2.996
C 531 0 10.349 4353 204
D 60.6 0 6.844 1.756 1.506
F 69.7 50 4417 0.162 1.062
G 89.3 0 2034 1.009 0573
H 9.1 50 1.846 0678 0530
I 95.8 50 1632 0.259 0.480
L 214.7 0 0.131 0.090 0.064
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9.4.4 Blast pressureresultsanalysis

A complete review of the pesk overpressure measured data was performed and the detalls are
given in Annex C of this report. As it can be seen in Table 9.2, some of the pesk overpressure
data do not follow the physics of shock waves such as sensor G from engineered charge which
pressure vaue is hdf the sensor H vaue which is further away to the blast. Another example of
this is observed with sensors G, H and | from bulk charge # 1 which show decreasng vaues with
increesng dant range, as expected, while a the same moment, vadues from bulk charge # 2 with
the same sensors show increesng vaues with increesing distances.  The posshility of having
sgnds of some sensors partly interrupted should be considered.

As can be obsarved in Table 9.2 the pesk overpressure obtained from the engineered charges
sysem are generdly lower when compared to measured vaues with the bulk charges a the same
digance from the sensors  The vaues obtained from the bulk charge closer to the sensor array
(Charge C) are genardly higher in comparison to the other bulk charge. Both of these results are
in accordance with shock wave physics

The pesk overpressure measured vaues adong with the computed vaues obtained with ARA
mode and the Connor smilitude equation were firg put in graphs as a function of dant range as
was done by Broussard. These grephs are presented in Annex B. It was eventudly decided to
combine the results from both bulk charges (which are at different distances from the sensors).
In addition, the data is dso presented in a loglog graph as a function of the range divided by the
cube root of the charge weight, as wes done by Connor®. The graph obtained is shown in Figure
9.8 below.

As can be obsarved in both Table 9.2 and FHgure 9.8, ARA modd gives generdly higher
computed vaues than experimentd messures and Connor Smilitude equations for the engineered
charge This is an indication that the ARA modd, which was esablished basad on assumptions
made from theoreticd condderations and computer Smuletions, is more consarvative.  On the
other hend, the Connor sSmilitude equation gives much lower computed vaues of pesk
ovepressure for the engineered charge.  Connor similitude equaion was obtained from linear
regresson done on actud compostion B charge data, a less powerful explosve than RDX which
could explan pat of the difference.  In addition, the important scatter of the data shown in
Fgure 9.8 and the rather low vadue of regresson coefficient vaue of 0.74 bring us to put some
caution on the condusions which can be made with the experimenta data

In the case of the two bulk charges experimenta data which was grouped together, it can dso
be observed that the ARA modd produces much higher vadues of pesk overpressure which
confirms that the ARA modd is more consarvative.  Fgure 9.8 shows that the curve obtained
with Connor gmilitude equation data is doser to the expeaimentd messurements.  Since
compostion B explodve has a power vay smilar to compostion C4, this patly confirms the
comment made above. The scattering of data around the linear regresson line and the higher
regression coefficient makes us more confident on this data
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Fgure 9.8 — Peak overpressure data

The figure dso presents the 12 pS pesk overpressure criteria for marine mamma  harassment
a per NOAA 50 CFR Pat 216°. From the regression, the distance from the explosive charges
correponding to this 12 pd limit vdue was computed for both charges wsng the linear
regresson curve equations presented in Annex B.  The coefficients of regresson obtained with
these equations are congdered low so the equations are not presented here. A vaue of 286.5 feet
for the engineered charge and 585.1 feet for the bulk charge have been computed indicating a
reduction factor of 2.04 from going from the bulk charge to the engineered charge. Congdering
the generdly accepted rule to compare explosves based on the cube root of the equivaent
weight of explosve mentioned by Cooper’® and usng TNT as the reference explosive, a
reduction factor of 217 was computed. This vaue was obtaned consdering that compogtion
C4 and RDX have vdues respectivdy of 15 and 1.82 times the vaue of TNT detonation

° Department of Commerce, National Oceanic and Atmospheric Administration, 50 CFR Part 216, Taking and
Importing Marine Mammals; Taking Marine Mammals Incidental to Naval Activities, Final rule, [Federal Register:
May 4, 2001 (Volume 66, Number 87)], [Rules and Regulations], [ Page 22450-22467)

10 Cooper, P.W., Explosives Engineering, VCH Publishers Inc, New-York, NY, 1996.
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pressure.  This means that a reduction of the charge weight by a factor of about 10 leads to a
reduction of the harassment zone by afactor of about 2.

The second parameter conddered to compare the two charges, as indicated above is the
impulse. Daa presented in Table 93 and FHgure 9.9 bdow show that for this parameter, both
ARA modd and Connor dmilitude equation computed vaues are higher than the measured
vaues for the engineered charge. Once again the vadues ae cdosxr to the Connor amilitude
equation. The ARA modd gives much higher vaues confirming that it is more consarvaive
While the regresson coefficient on the line obtained with the experimentd deata is better then for
the pesk overpressure, there is il some important scatter.

The impulse results obtained with the bulk charge are interesting because they tend to show
that for larger explosve weghts, the ARA modd and the Connor smilitude eguation are dose to
each other. The comparison with the experimenta data is not as good however as shown by the
large scater of the data and the very low vadue of the linear regresson coefficient (0.39)
obtained.
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Figure 9.9 - Impulse data

The lagt factor consdered was the energy flux dendty. Data presented in Table 9.4 ad in
Fgure 9.10 bdow show once again for both types of charges tha the ARA modd produces
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higher vadues than the experimenta ones hence confirming that it is more conserveaive. Because
of the samal regresson coefficients obtained the scater of the data around the line obtained, we
do not fed confident to give a comparison factor however.

The Connor gmilitude equation seems to mach the expeimentd data very wdl for the
engineered charge but once agan some caution must be used. The smilitude equation results
obtained for the bulk charges are higher than the experimentally measured data but, like in the
cae of the impulse, the scattering of the detais very important.
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Fgure 9.10 - Energy flux dengty deta

This brings the second criteria for maine mamma harassment that consst of an mer%y-
based temporary threshold shift (TTS) of 182 dB (re 1 pPe’sec) (ref NOAA 50 CFR Pat 216°).
Then to apply this criteria for marine mamma harassment of 182 dB re 1 pPat'sec for any 1/3
octave band, we used some assumptions from ARA sudy. These assumptions permitted to find
out that 182 dB re 1 pPaf'sec for any 1/3 octave band corresponds to 1924 dB re 1 pPafsec of
totd energy flux dendty, which in turns corresponds to 0.01135KPa-m or 0.06489 ps-in. Linear
regresson led to the equations represented as the daa regresson curves in Hgure 9.10 and
detaled in Annex B. However, the low vaue of regresson coefficients led us to avoid to put
these equaions in the main pat of this report.  Still the equaions were used to compute the
digances corresponding to the 182 dB threshold and vaues of 932 feet for the engineered
charge and 176.1 feet for the bulk charge were obtained. This means that a reduction factor of
1.89 is obtained from going from the bulk charge to the engineered charge. This vdue is close to
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2 like in the case of the pesk overpressure. Our literature search did not lead to a factor which
would be equivdent to the detonaion pressure and enable comparisons like we did in the pesk
oveapressure. It is interesting to note that this threshold &d to distance vaues from the explosve
charges which are about one third of the vaues obtained for the pesk overpressure. Therefore in
our case the peak overpressure appear to be the more redrictive factor.

In summary, the experimentd data obtained during this program are vey limited and lead to
large scatter of the data and smdl regresson coefficients compared to what has been obtained by
Connor from his experimentd work. Therefore some caution mugt be used if one wants to make
Oefiniive condusions from the data obtained. It is beieved tha additiond experiments would
be very ussful to confirm the results obtained for both types of charges sudied.  Sill, athough
we do not want to put a definite number on it, it gopears very cear tha the ARA modd is
conservativeinits predictions.
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10.0 - CONCLUSONS

The results of the studies presented in this report lead us to make the following concdlusions

An engineered charge based on the linear shgped charge principle was developed using
computer dmulations and induding verification of the optima vadues of the parameers
for this design.

A commercidly avalable liner shgped chage produced by Accurate Energetics
containing pressed RDX explosve in a copper sheath was found to meet the optimum
criteriaof the engineered charge design obtained by computer smulation.

A hollow gructura sted casing to be used as the linear shgpe charge container was tested
and proved surdy enough for the intended use.  Andllay pats (charge holding device
and booger system) were developed to ensure correct functioning of the charge system.

The sdected linear shape charge enclosed in its watertight casing and fitted in a manualy
deployed Scorpion® system has been demonstrated efficient in severing submerged piles
30'g, 1" thickness wdl and 48'g, 1.5" thickness wall a the ES test range. Although the
complete charge sysem was not produced, it has been shown that such a sysem could be
manufactured for pileswith a diameter aslow as 24",

The totd charge weight to severe a 48'g pile with 15" thick wall is 6.58 pounds For the

30'g pile with 1" thickness wal, the charge weight is 4.05 pounds Those vaues ae
much lower than the 50 pounds bulk charge and dlose to the generics consultation limit.

The Scorpion-2, while providing remote operation and more safety for the operators for
the deployment of the sysem in the pipe to be severed, gopeared not to deploy properly
when used in actud dructures in the Gulf of Mexico with the engineered charges, based
on the fact that only partid sectioning of piles was obtained during testing.

Pesk overpressure, impulse and energy flux densty from engineered and bulk charges

follow the accepted exponentid shgpe when presented as a function of the dant range
digance divided by the cube root of the charge weight.

Gengrdly the experimentd vaues fit more dosdy to those cdculaed with Connor
similitude equation than those obtained with ARA modd.

Use of an engineered linear shgpe charge fitted indde a pile produced a reduced blast
oveapressure leading to about one hdf of the harassment zone compared to the
compogtion C4 50 pounds bulk charge based on a limit vdue of 12 pd. This reduction
level corresponds well to what is expected from the comparison of the cube root weight
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of the equivdent exploave weight. The exact reduction levd would require additiond
teding because some of the data obtaned did not gopear to follow the physics laws
relaing to the reduction of intengty with digance from the blast source, as illugraed
with data caculated with the ARA modd.

Use of an engineered linear shgpe charge fitted ingde a pile produced a reduced energy
flux dengty dso resulting in goproximatey haf the harassment zone of the 50 pounds
bulk charge based on a limit vaue of 182 dB (re 1 uPef'sec). The exact reduction level
would require additiona testing because following the cdculation on the data the energy
flux dengity vaues are scattered.

With the explodve conddered (type and weight), the more dringent factor for marine
mamma harassment zone definition gppears to be peak overpressure in our case.

11.0- FUTURE WORK

The reaults obtained d<o indicated that additiond work could be peformed to complete what
has been achieved in this research program.

Although the preiminary results obtained from the tess peaformed in a quary lake
proved that the engineered charge sysem was working fine, the testing in the Gulf of
Mexico showed some problems with the Scorpion®  deployment. It would be interesting
to do additiond work on the Scorpion® design to ensure perfect deployment dl the time
in dl the arangements of piles The test series mentioned in Section 9.4 would engble to
prove that the problen comes from the Scorpior® deployment and then to carry on tests
to ascertain that it could be improved.

It would aso be vduable to sudy improvement to the degree of collapsng of the
Scorpion® to reduce the Size of the collapsed system to facilitate positioning.

Once the charge sysem problem is solved, additiond work should be done to perform
severing of pilesof 30" and 48" diameter from sructuresin the Gulf of Mexico.

The measurements of blast overpressure in the Gulf of Mexico tesing were not fully
ridble  Some sensors did not function, cetan vaues of pek overpressures are
questionable.  Due to some problems with the sonar, it was not posshble to locate the
SeNsOrs in one experimen.

1 To address the quedtionable vadues of sensors the procedure should be
reviewed and be tried with smal explosve charges in free water with the idea
of adding back-up sensors before using it agan in dructure piles It could
then become eadier to avoid unexpected Stuations and, if needed, rgect vaues
on the ground of this understanding in future tests.
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2. Cloe atention should be gven to pesk overpressure propageion on
ubsequent experiments to undersand what happened in the tests to produce
the questionable resuilts.

3. Locdization of the aray should be relidble to get vauable vaues. A review of
the sonar features should be done.

More expeimentd daa chould endble to obtan regresson equaions for pesk
ovepressure, impulse and energy flux dendty with better regresson coefficient and then
permit to gopreciade more dosdy the gpplication of ARA modd and Connor smilitude
equations.

Additiond tests with different types of explodves should be peformed to endble the
checking of the influence of the explosve detonaion propeties This would dso bring
the posshility to be ale to obtan generd gmilitude equations which would be
aoplicable to the different explosve through a correction factor gpplied to a reference
explodveweight.
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Annex A

Accurate Energetics linear shaped charge data
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Annex B

Connor-ARA UWC-In-Situ Comparisons
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Connor-ARA UWGIn-Situ Comparisons

P. Pdletier
D. Sant-Arnaud
SNC TEC

14 May 2004
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Introduction
This document is a modfied verson of the document "Conne-ARA UWC-In-Stu
Comparisons’ prepared by Mr. T.J. Brousssd from the New Orleans office taking into
condderation some differences between the reported and actua vaues for the charge weight
and st-up digances as wdl as some differences in the eguations used for the impulse and
enargy flux densty.

Calculation methods and differences

Physica differences

The engineered charge weight had been reported in the past as being 4.6 pounds and it was
planned to mention it in SNC TEC Corp. find report that the actud weight is 4.05 pounds.
The difference comes from that the linear shape charge (LSC) used to produce the engineered
chage was origindly planned to 4400 grainsffoot but it was eventudly changed to 4000
grangfoot by Accurate Energetics, the charge supplier.  While this change has been done
prior to the tests performed a2 DRDC Suffidd, we kept using the old number.

We found a smdl mideke in the cdculation of the dant range coming from the cadculaion of
the digance in the horizontd plane  Fgure 1 bdow illudraes the dtuaion. In the
cdculation of the dant range the horizonta plane disance used by Broussard was obtained
by adding 37.7 feet to the digance between transducer of interes and pile 1 to which the
transducer array was tied. According to the drawing received @ SNC TEC describing the
set-up, the 37.7 feat distance represents the disance shown in Fgure B.1. Therefore |, in
order to obtan the actud digance in the horizontd plane ('y"), we have to obtan the
distance "d'. We conddered the platform arangement to be a equilaerd triangle and from
trigonometry, the vdue of digance was computed as being 2167 fest. From this we
computed the digance "y" for dl the transducers and eventudly the modified dant distance
by conddering the disance in the verticd plane. The modified vdues ae presented in the
tables presented in this document. The difference between those vaues and the vaues
computed by Broussard are about 2 fedt.
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TRANSIUCER

Figure B.1— Platform and transducers consdered arrangement

Connor amilitude equations differences

In his cdculdions of impulse and energy flux dendty, Broussad used the equaions for
reduced impulse and reduced energy flux given in page 6-3 of from Connor sudy™ and
presented below:

/W= 15.35(R/W”3)' te Q

E/wW"= 11900 (R/WJ“)'&13 @

The computed results reported in his tables for the "Connor Man Ple SmEQ" are found to
be the reduced vaues of impulse and energy flux dendty divided by the cube root of the
charge weight rather than the actud vaues of impulse and energy flux densty. These latter
vaues are used for the ARA modd and the measured values.

ARA modd cdculaions

The bulk charges used in this program were made of compogtion C4 explosve.  The
caculations were perfformed using the calculator (EXCEL® version) supplied by MMS based
on ARA report'® conddering the modified distances discussed above and C4 explosive for
the bulk charge. In the case of the engineered charge the RDX explodve was not avaladle
and we could not find accepteble detalls on the "user explosve' nether a way to adjugt the
paameters used for a usx defined one We looked at the other explosves but we were
aurprised to see that explosves which are known to have lower detondtion pressure than C4

1 Connor, J.G., Underwater Blast Effects from Explosive Severance for Offshore Platform Legs and Well
conductors, Naval Surface Warfare Center, NAVSWC TR 90-532, 15 December 1990.

12 Dzwilewski, P.T. and Fenton, G., Shock Wave /Sound Propagation Modeling Results for Calculating Marine
Protected Species Impact Zones During Explosive Removal of Offshore Structures, Applied Research Associates
Inc report for MM S contract 0302P057572, September 2003.
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produced higher pesk overpressure based on the ARA modd. Since a review of the ARA
mode is out of the scope of our research project, it was decided to use C4 explosve for the
engineered charge.  The vdue to be usad for the time condant multiplier and the method to
seect it was not clear to us so we used the default vaue of 6.7.

Results
Peak overpressure

Table B.1 — Peak overpressure data

Peak Overpressure (ps)
Transducer | Sant range Charge ARA UWC | ConnorMan |Fdd
(ft) weight (Ib) FleSMEQ |messure
Charge A (4.05lbs RDX engineered charge) —PFile 3
A 772 405 155.7 420 1392
B 80.9 405 147.0 334 1403
C 85.1 405 138.2 348 788
D 98.6 405 1155 26.2 86.7
F 1045 405 107.6 234 744
G 1277 405 8.3 159 455
H 129.6 405 82.8 155 93.2
I 1323 405 80.7 149 119
L 2516 405 36.8 43 10.1
Charge B (50lbs C4 bulk charge) — Pile 2
A 772 0 465.7 205.1 1379
B 80.9 50 439.9 190.3 167.1
C 85.1 0 4135 172.7 98.2
D 98.6 0 3455 130.5 90.9
F 1045 50 3219 116.8 1342
G 1277 0 2 79.6 64.1
H 129.6 S0 2475 77.3 82.7
I 1323 50 2414 744 1188
L 2516 0 110.2 216 26.8
Charge C (50lbs C4 bulk charge) — Pile 1
A 40.3 50 1029.6 742.6 244.1
B 46 50 8735 575.3 281.6
C 531 0 7335 436.1 209
D 60.6 50 628.2 3379 1925
F 69.7 50 528.5 258.0 2116
G 89.3 0 339.9 159.9 1514
H 9.1 50 376 150.7 137.7
I 95.8 50 3579 139.6 833
L 214.7 0 1344 204 41.2
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The pesk overpressure data were put in graphs the same Way as Broussard but it was found
that presentation of the data as a function of the factor "RWY>" and using log-log graph was
giving a better view of the daa In the case of the bulk charges the data was combined on
one chart because the only difference came from the dant range from the transducers.
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Fgure B.3 — Peak overpressure — Combined 50 lbs bulk charges data

Using linear regression, we computed the equations for the measured data from both types of
charge with the least square method in an EXCEL° goreadsheet.  The equation obtained for
the 4.05 Ibs engineered charge was.

1923

P = 260581 (R/W]ﬁ)' | €)

with a regresson coefficient (R?) of 0.74. This vaue of regresson coeffidient is considered
low and can be eadly explaned when looking a the diperson of the data around the line in
the right sde of Fgure B.2 Usng the data from both bulk 50 lbs bulk charges tested, the
following equation was obtained:
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P = 6473.06 (R/Wj’s)'l'z“l @

with a regression coefficient (R?) of 0.88. This vaue of regression coefficient is much better and
while there is gill some disperson of the data, the fact that we have more data covering a larger
range of digance hdps in reducing the regresson coefficent. This aso indicaes that having
more experimenta data should be useful to define more exactly the actud equation.

Both charges experimentd data as wdl as the Connor gmilitude equations and ARA modd

are illustrated in Figure B.4 below. Only the log-log graph of the data as a function of "RAWY3"
was used.
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Fgure B.4 — Peak overpressure — data from both types of charges

The figure dso presents the 12 ps pesk overpressure criteria for marine mamma harassment
as per NOAA 50 CFR Pat 216. From equations (3) and (4), the range distance corresponding to
this 12 pg limit vdue was computed for both charges. A vdue of 286.5 feet for the engineered
charge and 585.1 feet for the bulk charge so a reduction factor of 2.04 is obtained when going
from the bulk charge to the engineered charge.
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Impulse
The impulse vaues computed by Sondyss were compared to the vadues obtained from the

ARA modd and the Connor smilitude equetion presented as equetion (1). The data obtained are
gvenin Table B.2

Table B2 — Impulse data

Impulse (ps-s)
Transducer Santrange | Chargeweight| ARA UWC | Connor Man | Fidd measure
(ft) (Ib) Pile SmEQ
Charge A (4.05lbs RDX engineered charge) —Pile 3
A 77.2 4.05 0.041 0.025 0.016
B 80.9 405 0.039 0.023 0.012
C 85.1 405 0.037 0.021 0.012
D 98.6 4.05 0.033 0.016 0.010
F 104.5 4.05 0.031 0.014 0.012
G 127.7 4.05 0.026 0.010 0.006
H 129.6 4.05 0.025 0.010 0.010
I 132.3 4.05 0.025 0.009 0.008
L 251.6 4.05 0.014 0.003 0.004
Charge B (501bs C4 bulk charge) — Pile 2
A 77.2 50 0.226 0.237 0.069
B 80.9 50 0.216 0.221 0.017
C 85.1 50 0.207 0.202 0.013
D 98.6 50 0.181 0.156 0.04
F 104.5 50 0171 0.140 0.019
G 127.7 50 0.143 0.098 0.04
H 129.6 50 0.141 0.096 0.013
I 132.3 50 0.138 0.093 0.016
L 251.6 50 0.077 0.029 0.022
Charge C (501bs C4 bulk charge) — Pile 1
A 40.3 50 0.781 0.140 0.146
B 46 50 0.616 0.193 0.126
C 53.1 50 0477 0.183 0.108
D 60.6 50 0.376 0.108 0.093
F 69.7 50 0.293 0.018 0.080
G 89.3 50 0.188 0.081 0.061
H 92.1 50 0.178 0.066 0.059
I 95.8 50 0.166 0.044 0.056
L 214.7 50 0.039 0.030 0.023

The impulse data for Connor smilitude equation was obtained usng eguetion (1) above and
the ARA modd data was obtained using the EXCEL® spreadsheet caculator. As in the case of
the pesk overpressure, we prepared two types of grgphs for each charge, one of the impulse as a
function of the dant range usng linear axis like Broussard and one with the data as a function of
RWY3 with logr-log axis
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Hgure B.6 — Impulse— Combined 50 Ibs bulk charges data

Using linear regression, we computed the equations for the measured data from both types of

charge with the least square method in an EXCEL® spreadshest.  The equation obtained for the
4.05 |bs engineered charge was.

)- 10535

| =0.8952 (R W”s)'l'°535 o 1/W* =053 (R/W”3 ©
with a regresson coefficient (R?) of 0.85. This vaue of regression coefficient is better than what
was obtained with the pesk overpressure which can be explained by the smdler disperson of the
data as shown in the right Sde of Figure B.5. Usng the data from both bulk 50 Ibs bulk charges

tested, the following equation was obtained:

| =1.9908 (R/WJ/3)-1.191 o I/les — 0.5404 (R/WJ/3)-1.191 ©

with a regresson coefficient (R?) of 0.39. Contrary to the pesk overpressure, in this case the
digperson of the data obtained with the bulk charge for the impulse data about the regresson
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curve is very large hence the smdl regression coefficient. Care should therefore be used to make
conclusions based on this data.

Both charges experimentd data as wdl as the Connor dmilitude eguations and ARA modd
are illustrated in Figure B.7 bedow. Only the log-log graph of the data as a function of "RAWY3"
was used.
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FgureB.7 - Impulse— data from both types of charges

It is intereding to note tha for this vaue the ARA modd and the Connor dmilitude
equations seem to mach wdl for the bulk charges The Connor smilitude equation data were
dong the same line for the pesk overpressure but this time this is not the case because of the W*
factor.

Energy flux dengty

The energy flux dendty vaues computed by Sondyss were compared to the vaues obtained
from the ARA modd and the Connor smilitude equation presented as eguation (2) ebove. The
dataobtained are givenin Table B.3.
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Table B.3 — Energy flux dendty data
Energy Flux Densty (psi-in)
Transducer Sant range Charge ARA UWC | Comnor Man | Hdd
(ft) weight (Ib) FleSMEQ | measure
Charge A (4.05lbs RDX engineered charge) — Pile 3
A 77.2 4.05 0.586 0.101 0132
B 80.9 4.05 0.531 0.087 0.097
C 85.1 4.05 0478 0074 0.055
D 98.6 4.05 0.352 0.047 0.0
F 104.5 4.05 0.312 0039 0. 054
G 127.7 4.05 0.206 0021 0013
H 129.6 4.05 0.199 0020 0.057
I 132.3 4.05 0.191 0019 004
L 251.6 4.05 0.050 0.002 0.004
Charge B (50lbs C4 bulk charge) — Pile 2
A 77.2 50 0.314 3045 0.813
B 80.9 50 8449 2697 0138
C 85.1 50 7.605 2305 0.078
D 98.6 50 5.599 1463 0419
F 104.5 50 4.961 1221 0105
G 127.7 50 3.269 0.656 0.280
H 129.6 50 3.170 0.626 0.047
I 132.3 50 3.037 0589 0.082
L 251.6 50 0.793 0079 0051
Charge C (50lbs C4 bulk charge) — File 1
A 40.3 50 24539 3589 4168
B 46 50 16219 5526 2.99%6
C 53.1 50 10.349 4353 204
D 60.6 50 6.844 1756 1506
F 69.7 50 4417 0162 1062
G 89.3 50 2034 1009 0573
H 9.1 50 1.846 0678 0530
I 95.8 50 1632 0259 0480
L 214.7 50 0.131 0090 0.064

The enagy flux dendty daa for Connor dmilitude equation was obtained usng eguaion (2)
above and the ARA modd data was obtained using the EXCEL® spreadsheet caculaior. As in
the case of the pesk overpressure and impulse, we prepared two types of graphs for each charge,
one of the energy flux dendty as a functlon of the dant range udng linear axis like Broussard
and one with the data as a function of RWY2 with log-log axis

Qil Platform Removal Using Engineered Explosive Charges (MMS)_



OlL PLATFORM REMOVAL USING ENGINEERED EXPLOSIVE CHARGES:
IN SITU COMPARISON OF ENGINEERED AND BULK EXPLOSIVE CHARGES
Final Report

s Pan ey i
3

£ rargpy e Jurmly i in

£ ramryy P darmby (peting
5
Ereagy fre dmwwiny e
o«
|

1-
L}
by
= i

B ™ —
- B —— —FE N - e
1] Ir X Ll

= e | aa
aa e i) o

Figure B.9 — Energy flux dengty — Combined 50 Ibs bulk charges deta

Using linear regresson, we computed the equetions for the messured data from both types of
charge with the least square method in an EXCEL® spreadshest. The equation obtained for the
4.05 Ibs engineered charge was.

)— 25840

E = 2390 .6(R w” E/w” :1499.8(R/W”3)'2'584° @

with a regresson coefficient (R?) of 0.77. This vaue of regression coefficient is dose to what
was obtained with the pesk overpressure which can be explained by the disperson of the daa as
shown in the right Sde of Figure B8. Usng the data from both bulk 50 Ibs bulk cherges tested,
the following equation was obtained:

E=16407 (R/Wlla)-z.6215 o E/W:IIB - 445'36(R/W]/3)-2.6215 ®
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with a regresson coefficient (R?) of 0.64. Although better than the value obtained for the
impulse data, this regresson coefficent is dill amdl. Cae should therefore be used to meke
condusions based on this data.

Both charges experimentd data as wdl as the Connor gmilitude equations and ARA modd
are illustrated in Figure B.10 below. Only the log-log graph of the data as a function of "RAWY3"
was used.
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Fgure B.10 — Energy flux dengty —data from both types of charges

The figure dso presents the 182 dB (re 1 nPa’sec) energy flux density criteria for marine
mamma harassment as per NOAA 50 CFR Pat 216. This vaue was converted in ps-in by
usng some assumptions of the ARA sudy that 182 dB (re 1 nPatsec) for any 1/3 octave band
corresponds to 1924 dB (re 1 nPa’sec) of totd energy flux density, which in turns corresponds
to 0.06489 ps-in. From eguations (7) and (8), the range disance corresponding to this value was
computed for both charges. A vaue of 93.2 feet for the engineered charge and 176.1 feet for the
bulk charge s0 a reduction factor of 1.89 is obtaned when going from the bulk charge to the
engineered charge.
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Annex C

Corrections of Slant ranges & charge weights + Peak Overpressure
sensors values review and analysis
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Numerous caculaions were done with the data cdlected from the experiment on dructure #
97. Some of them included assumptions which are corrected here.

The engineered LSC weight is 4.05lbs and not the 4.6 [bs used by Sonayst

The closest pile to the sensor array was severed with a bulk charge and not an engineered
LSC.

For the dant distance, the exact value was obtained as indicated bel ow
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Fgure C.1 - Sensor array deployment

Sant range digance for sensor A from the closest pile to the array (pile # 1) is obtained with
vertica and horizontal distance of the sensor to the charge ; (35ft>+ 20ft%)Y/2.

The more digant piles (# 2 & 3) were a some angles from the dosest pile and the aray, 0

thetzre% dant range distance for sensor A was obtained from (74.6ft%+ 20ft9)Y? and not (72.7ft%+
20f2) V2.
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The dant range distances and charge weight were corrected in regard of each piles.

Rile3
HSCA :L?klc Sensor array

\b S S S & *
e

BukB — :

| ——

v
N
\ A

37.71t 35t 57 ft 8rft 1151t 161 ft 210ft

Fgure C.2 - Top view of charges locdization/piles and sensor array

These corrections permitted to edablish the following table of messured data in regard of
eech piles.

Peak Overpressure (ps)
Transducer Sant range (ft) Feld messure (ps)
Charge A (4.05 Ibs RDX engineered charge) Pile 3
A R35V5 77.2 139.2
B__R35V15 80.9 140.3
C_R35V2XS 85.1 78.8
D__ R57V5 98.6 86.7
F_R5/NV25 104.5 74.4
G__R87V5 127.7 455
H__R87/V15 1296 93.2
|__R87V25 1323 119
L_R210V25 2516 10.1
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Bulk Charge B (501bs C4) — Pile 2
A___R35V5 77.2 137.9
B__ R35V15 80.9 167.1
C_R35v25 85.1 98.2
D__ R5/V5 98.6 90.9
F_R5/NV25 104.5 134.2
G__ R87V5 1277 64.1
H__R87V15 1206 82.7
|__R87V25 1323 1188
L_R210V25 2516 26.8
Bulk Charge C (50IbsC4) — Rile 1

A__ R35V5 40.3 244.1
B__R35V15 46 281.6
C_R35v25 531 279
D__ R5/V5 60.6 1925
F_R5/NV25 69.7 211.6
G___R87V5 89.3 1514
H__R87V15 921 137.7
I|__R87V25 95.8 83.3
L_R210V25 2147 41.2

Once these corrected vadues were edablished a comparison was done on the pesk
overpressure recorded in reaion with the locdization of the sensor. These comparisons are
illugtrated in the following sketch representing the recorded overpressure with colors.
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The following figures show peak overpressure representations with the sensors locations.

The pesk overpressures data obtained from the engineered linear shgpe charge showed some
discrepanciesilludrated in Fgure C.3.
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Fgure C.3 - Pesk overpressure measured vaues representation from LSC (A) in pile # 3

It would be logica, based on shock wave phydcs, to think that pesk overpressure pattern
should present higher readings closer to the source of the blagt, but for the sensors F, G, H and |
this logic was not respected.  Sensor | which was further away from the blast than sensors F, H
and G, ‘sav’ a higher vaue of pesk overpressure compare to those three sensors. Vdue a
sensor H was higher than a sensor G, These vaues are inconssent with what is known from
the physics of the experiment.
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When we looked a the data obtained from the two bulk charges some inconsgtencies
compared to the expected pettern were aso observed. The bulk charge labeled # 1(more distant

from the array) placed in pile # 2 showed some discrepanciesillugtrated in Figure C4 below.

—>

FLOATS

SONAR 15

ANCHORS

[E=N
[o)]
=

Y

87—
15—
BULK \‘-) '
CHARGE | v R

PILE#2 | 37.7

\ 4

Fgure C.4 - Peak overpressure measured va ues representation from bulk charge# 1(B) in
pile# 2

As for the engineered linear shape charge, the pesk overpressure patern was expected to
present higher readings closer to the source of the blast but, for most of the sensors this logic

was not respected. The value a& sensor B was higher than vadue a sensor A.  Sensor F pesk
pressure vaue was higher than sensors C and D.  Sensor | was higher than sensor H and sensor H
was higher than sensor G.  As for the data recorded from the linear shape charge these vaues are
inconsstent with what is known of the physics of the experiment.
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The bulk charge labded # 2 (dosest to the aray) placed in pile # 1 showed some others
discrepancies but very few in comparison to the precedents and they areillustrated in Figure C5.
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Fgure C.5 - Pesk overpressure measured values representation from bulk charge# 2(C) in
pile# 1

As for the two preceding tests the pesk overpressure pattern should present higher readings
closer to the source of the blast, but for some of the sensors this logic was not respected. Vaue
a sensors B and C was higher than vaue a sensor A. Sensor F was higher than sensor D, Still
incondgent with what is known of the physc of the experiment, it is however noticed there is
less data outside of thelogical pattern.
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In summary, for the pesk overpressure measurements from structure #97 three sensors (E, J,
K) gave no readings. The readings of some sensors were hard to explain, example,  readings for
the engineered charge and the bulk charge # 1 from sensors G, H and | show the higher vdue a
I, asmdler one a H and 4ill a smdler one a G (sensor G was the closer to the blagts). In the
same experiment the readings for bulk charge # 2 show the higher vdue a G, a amdler one a H
and adill amdler onea 1.

We cannat explain that two smilar bulk charges which were detonated close one to the other
in the same timing produced a completely reversed pesk overpressure pettern on the same series

of sensors.

Phenomenon of ‘surface cutoff’ and ‘cavitation” (ref: Connor, J.G., Underwater Blast Effects
from Explosve Severance for Offshore Platform Legs and Well conductors Navd Surface
Wafae Center, NAVSWC TR 90-532, 15 December 1990.) could eventudly be a pat of the
explanation for the incongstencies noted in relation to physics law.

An other posshility to condder would be the sensors rdiability.  Some teds could be
designed to verify thisrdiability.
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